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PREFACE

Durinq recent years there has undoubtedly been an increase in
enviromnental noise. In addition, everyone has become more
aware of noise. Although the growth of noise may be a symbol
o£ growth in technology, the increased awareness of.the public
toward noise has brought on a rapid response everywhere in
trying to abate noise. Highway traffic noise is one of the
identifiable problem areas; this has been caused by (i) inc~-~ased
vehicular size and quantity, (2) greater concentration of tra~fic
on major highway routes, and (3) increased use of land near high-
ways to fill the residential and commercial needs of a growing
population.

In recoqnition of this problem, on 26 April 1972, the Federal
Highway Administration ("FHWA") of the U. S. Department of
Transportion issued an advance copy of its Policy and Procedure
Memorandum ("PPM") 90-2. on "Interim Noise Standards and Pro-
cedures for Implementing Section 109 (i) of Title 23, United
States Code." This was updated by the 8 February ].973 final
version of PPM 90-2, entitled "Noise Standards and Procedures",
a copy of which is included at the end of this textbook.

To assist in the understanding and implementinq of PPM 90-2,
the F~4A has made provision for conducting a one-week training
course in the "Fundamentals and Abatement of Highway Traffic
Noise." This course is being given in 1973 in each of the Field
Re~ions of the F~^TA and is available to qualified, selected
personne! from the various State highway agencies and the FHWA
field offices. The training course has been prepared and is
being ~iven by the staff of Bolt Beranek and Newman Inc.,
acoustical consultants. This manual serves as the textbook for
the trainin~ course.

The training course and the textbook are directed toward two
procedures that are in current use for prediction and abatement
of highway noise: one procedure is based on the methodology
given in Report 117 of the National Cooperative Highway Research
Program ("NCHRP"), and the other is essentially a computer method
devised by the Transportation Systems Center ("TSC"). Both these
procedures have been approved by the FHWA.

Chapter 1 of this textbook and the first day of the five-day
course are devoted to Fundamentals of Sound. This includes
acoustic terminology, basic’relationships of sound, outdoor
sound transmission, and a brief review of certain aspects of
human response to noise.

Chapters 2 and 3 are covered in the second day of the course.
Chapter 2 presents noise data of automobiles and trucks as
individua! discrete sound sources, reviews briefly the principal
components of truck noise, places autos and trucks into the
context of moving sound sources, and introduces a statistical
descriptor of highway noise, since highway noise is typically
made up of various ~uantities and mixtures of autos and trucks,
with each individual source emittin~ its own amount and type
of noise.                           ~
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Chapter 3 is concerned with instrumentation and techniques for
making outdoor noise measurements, and contains suggestions
on the selection of measurement times and locations in order
to evaluate ambient noise levels of existing situations. Tape-
recorded samples of noises wi!l be measured in the classroom
with the use of A-scale sound level meters.

Chapter 4 and the third day of the course are devoted to the
basic features of highway noise prediction using ~he NCHP~
Report 117 and TSC procedures. This chapter draws on the basic
data of the earlier chapters and considers highway traffic moise
as a system: a mixture of autos and trucks; a multi-lane ro~d-
way of varying lengths, or segments of roads of various length
and directions; various distances from the hiobwav to the
neighboring areas of interest, and the acoustic influence of
the intervening region between the highway and the neighboring
areas.

Chapter 5 and the fourth day of the course include discussion
of the noise abatement treatments that are available for noise
control, both at the highway and off the highway. Principal
concern is given to evaluation of the attenuation (noise reduc-
tion) that can be achieved with acoustic barriers alongside the
road, since these treatments can fall within the desian and.
jurisdiction of the highway engineer. Barrier designs are
reviewed from the point-of-view of the NCHRP Report 117 and the
oSC Computer procedures, and a new nomograph is presented and
discussed as a quick, useful too! for evaluating acoustic
barriers for a variety of applications.

The fifth day of the course is devoted to an interpretive
discussion of PPM 90-2 by an FHWA representative from the
Office of Environmental Policy, and to discussions of Special
Urban Problems of highway noise and suggestions on the prepara-
tion and content of the Noise Report of an Environmental Impact
Statement.

In reading the text, it may be helpful to realize that small
graphs, tables, and examples used to illustrate specific
details of the discussion are designated as "Sketches" and
"Exhibits" and are contained within the Text material.
Graphs, charts or compilations of data of documentary or
reference value are designated as "Figures" and "Tables"
and appear at the end of each chapter in which they are used.

The principal authors of the textbook and speakers at the course
are Grant S. Anderson, Laymon N. Miller and Dr. John P. Shadley,
al! of Bolt Beranek and Newman Inc. ("BBN"). Technical
assistance for some of %he textbook material has been provided
by B. Andrew Ku~ler, Carl J. Rosenberg, and Richard M. Schwartz.
In addition, Mr. Kuqler will assist with some of the lectures.
Acknowledgment is ~ratefully given here for the BBN staff members
who helped produce this textbook: our Secretaries, Technical
Typists, Illustration and Printing Departments.

This project has been carried out under the supervision of
Harter M. Rupert of the Office of Environmental Policy, Federal
Highway Administration. Mr. Rupert or Jerry A. Reagan, also of
the Office of Environmental Policy, will speak at the training
course as the FHWA representative. The authors wish to express
their sincere appreciation for the direction and assistance
provided by Harter Rupert.

~ay, 1973
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CHAPTER 1

FUNDAMENTALS OF SOUND

In this opening chapter, it is intended to region of maximum sensitivity. Th.~ "0 dB"
provide the reader with an elementary under- level on the decibel scale represents %his
standing of acoustics in sufficient detail weakest sound having the reference sound
that he may be conversant with the termino!ogy pressure.
and may understand and appreciate the basic
factors involved with sound generation and In acoustics, the word ~eu~ is used wheneve.’
propagation as applied to highwey traffic the quantity is expressed in decibels relative
noise. Time and space do not permit an eia- to the reference value. Thus, in the term
borate academic development of much of the l0 log (p,!p~)2, p~ and p~ are presbyter, and
materia!; textbooks or reference books in (p~/p~) represents a p~eBsu~e ~{o relative to
acoustics may be studied by interested persons the reference pressure pQ, but i0 log (p~/po)~
fo~ a more detailed discussion and technical becomes a p~sBu~ Z~u~Z or 80und ~cu~ in
understanding of this subject, decibels relative to the reference pressure.

The squaring of the pressure ratio, as in
(p~/po)~, maintains the proper relationship

l.] DECIBELS between pressuDe, 4n~ena4~, and po~r in
acoustic terminology, but this is incidental

Just as "leet" are used to measure distance, to the discussion and should not be a stumbl-
and "degrees" are used to measure temperature, ing block here. A reader interested in more
"decibels" are used to measure sound intensity, depth in the subject should refer to an
The ear is responsive to sounds having a tre- acoustics textbook.
mendous spread in intensity variation: a
"strong" sound, such as a diesel truck, may The faint rustling of the grass or of leaves
produce sound energy that is 1,000,000,000 in the trees or a weak whisper might produce
times greater than that produced by a "weak" a 8ownd ~eueZ of about 20 decibels, relative
sound such as a cricket, for example. Because to the standard reference value of 0.0002
o~ this large spread in everyday signal microbar or 2x10-s N/m~. Normal voice levels
strengths, and because the sensitivity of the produce soond levels of about 60 to 70 decl-
ear is more nearly logarithmic than linear in bels at close distance; an automobile might
its response, it was determined long ago to also produce sound levels of about 60 to 70
express sound levels on a logarithmic scale, decibels, but at .a distance of about 50 to i00
since this can compress the large spread of ft. A diesel truck might produce sound levels
intensities into a more practical numerica! of 90 to 100 decibels near a roadway. These
system. Thus, "decibels" are logarithmic values are used here for illustration purposes
units. The decibel is abbreviated to "dB". only. More specific traffic noise level data
In its simplest form, a sound level in deci- will be presented later.
bels is expressed by the term

lO leg (p~/p0)2 ].2 ADDITION OF DECIBELS

where p~ and p~ are two sound pr~8~w~eB. Since decibels are logarithmic units, sound
levels cannot be added by ordinary arithmetic

Just as there is, in concept, at least, a means. For example, if one truck produces a
"standard foot" that serves as a reference sound level of 90 dB when it passes, two trucke
length for distance measurements, there ~s would not produce 180 dB. Actually, two simi-
a reference sound p~Bsu~8 upon which the lar trucks, each at 90 dB, would combine to
decibel scale is based. This reference is produce 93 dB. This is almost obvious, when
0.0002 microbar or 2x10-~ newton per square it is recalled from earlier exposures to math-
meter, abbreviated to "N/m~.’’ (Both of ematics that the logarithm of 2 is 0.301, or
these units, 0,0002 microbar and 2×i0-s N/m~, l0 times the log of 2 would be 3.01.
describe the same pressure; they are just
different units in different measurement Suppose (p,/po)~ represents symbolically the
systems.) This reference pressure is the po sound pressure of a truck, relative to the
in the term: I0 log (p~/po)~. Actually, this reference pressure p~. The sound pressure
refezence base represents approximately the of two exactly similar trucks would be
weakest sound that can be heard by the average 2(p~ip,)~    The sound pressure Z~uel of one
young, alert, undmmaged ear in the frequency truck would be i0 log (p~/p~}2, and the

i-i
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sound pressure zeoel of two hrucks would be       Most of the time, the same five levels can be
i0 log 2(p~/p0)~, each expressed in decibels,     added in any sequence and the same sum~will
Now, in mathematics, the logarithm of the pro- be obtained, as long as the lower valued
duct of two quantities is equal to the sum of     levels are added early:
the logarithm of each of the two quantities.                  68 dB
Thus, the sound pressure level of two simi-
lar trucks may be treated as follows:                            75                 80    =90 dB

i0 log 2(p~/p0)~                                              79

82 dB~=89
= i0 ,log 2 + i0 log (p~/po)2                              88 dB

= 3 + i0 log (p~/p0)2                             Since the upper part of Table i.i involves

The second term is recognized as the sound        sc~e rounding off to whole numbers, occasion-
pressure level of one truck. Thus, the sound     ally the addition sequence that is £ollowed
level of two equal sources is 3 dB greater         may make a difference of as much as 1 ~B in
than the sound level of just one source,           the total. For example

68 dB
Of course, all sound sources are not equal                    75 dB----~--____~=89/=89 dB
to one another, so a general method is re-
quired that permits addition of sound levels                   79
of any value. A chart for adding sound levels
quite accurately by "decibel addition" is~                      82 dB~=89
given in Pigure 1.1. This chart can be used                   88 dB
to an accuracy of 0.1 dB, but most real-life
noise levels are not actually measured or          In this last illustration, the sequence was
known to this degree of accuracy. A more          selected such that all the lower valued levels
practical addition procedure for quickly esti-    were added last and they became negligible
mating the sum of two or more decibel levels       compared to the sum of the two highest values.
is given in the top of Table i.i. The use of     To minimize errors, it is important to com-
this table will yield a sum that has an accu-     bine the !ower values early in the sequence.
racy within 1 dB. This table is simple enough    Using Figure i.i, for an accuracy of approxi-
that it can be memorized and used when any         mately 0.1 dB, the sum of the above additions
quick, rough estimate is required. Most real-    becomes 89.6 dB, so either 89 or 90 would be
life noise problems seldom justify accuracies     an acceptable total.
of better than 1 dB, but when desired for com-                                                                       ~-
putation purposes, an accuracy within 1/2 dB      When in doubt about the sum, combine levels
can be obtained by using the lower half of         using the more accurate procedures and then
Table i.i." Where high accuracy is required       roundoff the final total to the nearest inte-
for special calculations or specia! assump-        ger.
tions (for example, to show small differences
between situations or to emphasize incre-           Later in the text some exceptions to this pro-
mental changes along a series of changing          cedure will be made in the addition of certain
events), the sums may be computed quite pre-      kinds of noise levels.
cisely according to the chart of Figure i.i,
or with the use of the lower portion of Table     When considering large quantities of essen-
1.1, but it should be realized that in prac-      tially equal noise sources, it is useful to
tical terms, noise levels are not really known    be able to add them faster than two at a time.
to that accuracy. When computer programs, to     Again, since decibels are logarithmic quanti-
be discussed later, produce noise levels to        ties, the decibel sum of a number of equal-
tenths of decibels, it is suggested that at        valued sound levels is equal to the sound
the end of the computation the sound levels        level of one source plus "i0 log" times the
be rounded off to the nearest whole number,        total number of levels to be added. This

approach is incorporated into the fol!owing
When there are several levels to be added,          table.
they should be added two at a time, starting
with the lower valued levels and continuing the If there are several levels of the same value
the addition procedure of two at a time until      to be added together, add as follows:
only one value remains. To illustrate,’sup-
pose it is desired to add the following five             No. of Equal            Add to That
sound levels, using the summation procedure                 Levels                     Level
of the upper portion of Table i.i:                                 2                            3 dB

75                           "                4                   ,6 dB
5                   7 dB

79                       =90 dB             6-7                  8 dB

9-10                l0 dB
88                                                     N                   10 log N dB

1-2
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For example, if one sound source produces a A simple but expressive definition of "noise"
level of 60 dB for a given set of conditions, is that it is "unwanted sound"; so "noise
then five similar sources under the san%e con- level" is often used synonymously with
ditions, would produce a level of pressure level. Sound pressure levul is

sometime~ abbreviated to "SPL" or "Lp".
60 + l0 log 5

There is in acoustics a~other somewhat simi-.
= 60 + 7 far term, "sound pou~ level." It is un-

necessary t.o use sound p~, in th~ highwa~
= 67 dB. noise procedures, so this quantity is not

fined here. The term is mentioned here only
A table of "!0 log N" values is given in to draw a distinction between second
Table 1.2 for a useful range of values of N, level and sound po~ level. Tho~ are
including fractional values. This table has the same quantity and must not be ~,~ed inter-
uses beyond the obvious one of simply adding changeably. It is beyond the scope o~ Lhe
a number of equal levels. Suppose, for ex- present work to become involved in sound
ample, that at a given position a sound level power data.
of 70 dB is produced by a traffic flow of
2000 automobiles per hour~ and it is desired
to know the approximate noise increase for a ].4 £R£Q~ENCY, HZ A~D CPS
traffic f!ow of 6500 automobiles per hour.
From Table 1.2, i0 !og 6500 = 38 dB (ap~ro- With the recent trend in U.S. and internation-
ximately) ~nd.10 log 2000 =. 33 dB. Thus, one a! standards to recognize the early men o~
would expect about a 5 dB increase for the science, many new names for old units are
larger flow. This answer could be obtained being adopted. The traditional unit for fre-
another way: quency in the U.S. has been "cycles per sec-

ond," abbreviated "cps". The new interna-
6500 = 3.25 tional unit for frequency, now adopted by
2000 U.S. standards groups, is "Hertz", abbre-

viated "Hz". Throughout this text the new
10 log 3~25 = 5 dB unit "Hz" will be used;.it has the same mea~-

ing as "cycles per second."
Thus,

70 + 5 = 75 dB for the larger traffic flow. ].5 "OVERALL" FREQUENCY RANGE AND OCTAVE
BANDS OF FREQUENCY

As another example, suppose a particular
quantity of traffic produces a noise level In order to represent properly the complete
of 72 dB for a peak hour conditionf and it is noise characteristics of a noise source, it
desired to know approximately the noise level is frequently necessary to break the total
reduction when the traffic is only 40% of noise .down into its frequency components:
peak hour volume. According to Table 1.2, a that is, to determine how much of the noise
value of 0.40 (or 40%) yields a reduction of is low frequency, how much high frequency,
4 dB. Thus, the lower traffic flow would and how much is in the middle frequency range.
produce approximately 72 - 4 = 68 dB. These This is essential for ~y comprehensive study
samples are offered here merely to demon- of a noise problem for three reasons: (i)
strate the general applicability ahd versa- people have different hearing sensitivity
tility of the "10 log N" values; the noise and different reactions to the various fre-
levels selected are for illustration only. quency ranges of noise, (2) different noise

sources have differing amounts of noise
across the full audio range of frequencies,

1.3 SOUND PRESSURE LEVEL and (3) engineering solutions for reducing
or controlling noise are different for low

The ear is sensitive to sound p~eBsu~e, and high frequency noise.
Sound waves represent tiny oscillations of
pressure in the air just above and just below It is conventional practice in acoustics to
atmospheric pressure. These pressure oscil- determine the frequency distribution of a
lations impinge on the ear and "we hear the noise by passing that noise successively
sound." The weakest audible sounds, mentioned through several different filters that sepe-
earlier~ having a pressure of 0.0002 microbar rate the noise into .B or 9 "octaves" o~ a
or 2x10 ~ N/m~, represent pressures of only frequency scale. Just as with an "octave"
two-ten thousandths of a millionth of atmos- a piano keyboard, an "octave" in sound analv-
pheric pressure ("microbar" = one millionth sis represents the frequency interval between
of barometric v,ressure), a given frequency (such as 350 Hz) and twice

that frequency (700 Hz in this illustration).
A "sound level meter" is also sensitive to The normal frequency range of hearing for most
sound pressure. ~en a sound level meter is people extends from a !ow frequency of about
properly calibrated, it relates the sound 20 Hz up to a high frequency of i0,000 to
pressuze of an incident sound wave to the 15,000 Hz, or even higher for some people.
standard reference pressure, and it gives a Most current octave-band noise analyzing
reading in decibels relative to that refer- filters now cover the audio _anqe of about
ence pressure.

]-3
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22 HZ to about 11,200 Hz in nine octave fre-       not represent true "sound pressure levels"            ~-~
quency bands. These filters are identified         because some of the actual signal has been
by their geometric mean frequencies; hence         removed by the weighting filters.
1000 Hz is the label given to the octave fre-
quency band of 700-1400 Hz. The nine standard    For most acoustic applications the octave
octave bands are as follows (the nu/nbers are       frequency b~d readings are the most useful.
frequently rounded off):                                     It is always possible to construct A-, B-,

or C-scale readings from all the octave bandOctave                     Geometric readings, but it is never possible to exactly
Frequency                 Mean FrequencyRange                       of Band                   construct the octave band readings from the

(Hz)                         (Hz)                      weighting scale readings.

22-44                   31
44-88                             63                         1.7 A-SCALE SOUND LEVELS
88-175                          125

175-350                        250                       A plot of the frequency response of the A-
350-700                       500                      weighted network of a sound level meter is
700-1400                    i000                      shown in Figure 1.2. This is taken from the

1400-2800                       2000                         Americ~un Nationa! Standards Institute ("~d~SI")
2800-5600                      4000                       Steundard SI.4-1971 and is required to be met
5600-11,200                  8000                      by all sound level meters built under these

standards. This is approximately the fre-
The term "overall" designates the full fre-         quency response of the average young ear when
quency coverage of all the octave bands,             listening to most ordinary, everyday sounds.
hence 22-11,200 Hz, or in some cases, 44-11,        In many past studies, it has been found that
200 Hz when the 31 Hz band is omitted,               when people make relative judgments of the

"loudness" or "annOyance" or "disturbance" of
When a sound pressure level includes all the       a noise, their judg~nents correlate quite wel!
audio range of frequency, the resulting value      with the A-scale sound levels of those noises.
is called the "overall" level. When the             Thus, a sound level of 65 dBA for one noise
level refers to the sound in just one speci-       would typically be judged louder or more an-
fic octave frequency band, it is called an          noying th~_n another noise of 60 dBA, when both
"octave band leve!" and the frequency band is      are considered in a similar context. This is
either stated or clearly implied,                      due to the fact that (i) high frequency noise

(above about 500 Hz) is generally more annoy-
For some special situations, a noise spectrum      ing than low frequency noise (of the same            ~-~
may be studied in finer detail than is pos-         sound pressure level), and (2) A-scale sound
sible with octave frequency bands. In such        levels essentially emphasize the high fra-
cases one-third octave bands might be used.         quency noise content, while rejecting some of
Even narrower filter bands might be u~ed, for      the low frequency noise content (just as the
example to separate one particular frequency       ear does).
from another one if it is desired to separate
the causes of a particular complex noise.           There are other weighting networks that have
The bandwidth and the identifying frequency        been used in these kinds of judgment tests;
of the band should always be specified. Such      some give poor correlation with judgments,
detailed analyses are not required for the          while others, speoially devised, may give
purposes at ha~nd, however,                                slightly better correlation with the judg-

ments of loudness or annoyance or noisiness.
The specially devised weighting networks were

].6 WEIGHTING NETWORKS: A-, B-, AND C- SCALES usually built around special problems or
special applications and those weightings do

Sound level meters are usually equipped with       not appear sufficiently superior in their test
"weighting circuits" that tend to represent        results to justify construction, validation,
the frequency characteristics of the average       certification and use of sound meters having
human ear for various sound intensities,            those special weightings for everyday use.
Hence, readings are sometimes taken with "A-       The A-scale network has been in existance for
scale" or "B-scale" or "C-scale" settings on         over 30 years and has been incorporated in
the meter. The "A-scale" setting of a sound       many U.S. sound level meters over that time.
level meter filters out as much as 20 to" 40        Thus, it is an available instrt~nent, of rela-
dB of the sound below 100 Hz, while the             tively low cost; and it has been found to
"B-scale" setting filters out as much as 5          give reliable, reproducible correlation with
to 20 dB of the sound below i00 Hz. The "C-       many jury-type subjective judgments on the
scale" setting is reasonably "flat" with            noisiness of many different types of noise.
frequency, i.e., it retains essentially all
the sound signa! over the full "overall" fre-     A-scale sound levels are in current use in
quency range. It is very important, when          many con~unity and city noise ordinances and
reading A-, B-, or C-scale sound levels, to         in several state and city highway or traffic
positively identify the scale setting used.         noise codes. Because of the relatively long
The resulting values are called "sound levels"     and extensive use of A-scale sound levels in
and are frequently identified as dBA, or dBB,      these kinds of applications, it has been de-        ~
or dBC readings. Note that these readings do      cided that A-scale sound levels should be
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used in the procedures discussed in this text     this simpler one-number system. Within the
and advocated by the FHWA.                             present scope of the text and the immediat~

applihations envisaged by the FHWA, it is
iu is inLportant to recognize and use A-scale      expected that only A-scale values will be re.
sound levels, and not to confuse them with         quired. However, for those users interested
other types of sound levels. For example, a       in exploring no±se data in more detail, the
diesel truck might pass by an observation          method for converting octave band data to A-
station and produce a peak noise level of           scale values is shown.
i00 dB ou~uZZ. The oue~a~Z level includes
all the noise over the full frequency range       As mentioned in Section 1.7, ANSI Star, dard
of the instrument (approximately 22-11,200 Hz     Si.4-1971 gives the frequency re.qonse of the
or higher). Now, a diese! truck produces a        A-scale filter; this is reproduce in the
large amount of its total noise in the.low         table immediately below.
frequency octave bands of 63, 125, and 250 Hz.
So, when the noise of that truck is observed              Octave                   A-Scale
on an A-scale meter, the A-scale filter re-              Frequency                Frequency
moves about 26 dB of signal strength at 63 Hz,             Band                    Response
about 16 dB of signal strength at 125 Hz and                (Hz)                       (dB)
about 9 dB of signal strength at 250 Hz.                       31                        -39
Thus, the A-scale sound level of that tr~ck                   63                        -26
passage might be only about 85 dBA because of               125                     -16
~he rejection of much of the low frequency                    250                       -9
signal. In general, for most traffic noise                   500
(but not all), the A-scale sound level will                1000                      0
be several decibels lower than the c~e~ZZ                   2000                      +l
level, or the "all pass" level or the C-scale                4000                        +l
level. When reading about noise levels in                  8000                     -i
non-technical writings, it is necessary to

To calculate an A-scale value, apply therealize that the writer may have been unaware     scale frequency response values to the known
of some of these distinctions. Always express    octave band levels, band by band. Then, add
noise levels correctly as to their weighting
scale, and be suspicious of all noise data         the resulting corrected band levels by "deci-

bel addition" to obtain the final A-scalefor which proper definition of the weighting       summation.
scale or the frequency characteristics of the
filter are not explicitly stated. To illustrate, suppose it is desired to cal-

culate the A-scale sound level for a noise
1.8 CALCULATED A-SCALE READING                      made up of the octave band sound pressure

level (SPL) readings shown in Colunul 2 below.
For this textbook, most original noise data        The A-scale corrections are shown in Column

3, and the corrected octave band values are
were obtained in all the octave frequency          shown in Column 4. The Column 4 values are
bands and then converted to equivalent A-scalereadings so that the user could benefit from     then added together by "decibel addition"

(Section 1.2) to obtain the resulting 81 dBA
sound level.

Column 1 Column 2 Column 3 Column 4
~ctave SPL in A-Scale Corrected

Frequency Octave Correction Band
Band Band Term Value
(Hz) (dB) (dB) (dB)

31 75 -39 36 ~= 52 -,
63 78 -26 52 ~                                         = 67 ~

125 83 -16 67 - 79 k
~o 84 -~ ~ ~ = ~ ~
50O 80 -3 77

I000 75 0 75 ~ = 77~
~ = 81 dBA2000 72 +i 73 /> - 77

4000 64 +i 65 ~. 65 /
8000 55 -i 54
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1.9 SPEED AND WAVELENGTH OF SOUND IN AIR
Frequency        Wavelength

The speed of sound in air is approximately                CHz)                 eft)
ii00 ft per second for most noz~al condi-                  20                   55
tions. Sound propagates as a pressure                       31                    35
wave; sound is made up of vibrating air                    63                   17.5
particles set into motion by a vibratin~                 125                   9
solid body or by an oscillating sound                      ~250                     4.5
source; each air particle in the sound                     500                     2.2
wave oscillates back and forth and strikes              1000                    i.i
its neiqhboring air particles. Thus, the               2000                     .55
sound energy is transmitted by this                       4000                     .27
successive transfer of vibration from one                8000                       .14 (=1.7 in.)
particle to the next. ~nis "wave train"                14000                        08 (=0.95 in.)
has a speed of ii00 ft per second; yet                                             "
each particle in the wave train may only        Thus, within the ranqe of audio freQue~cies,
move back and forth a few millionths of an     wavelengths can ranqe from about 5~ ft to
inch.                                                    about 1 in.. This. is a very large spread

and it accounts for many unusual effects
Assume, for illustrative purposes, that         in acoustics. For ex~ple, a sound source
an advancing sound wave can be simulated        1 ft in di~eter is so small in terms of
by a very long "Slinky" spring. A quick        a 55 ft wavelenqth at 20 Hz that it cannot
jerk on one end of the spring will start       radiate enerqy well at that frequency, and
a pressure wave movinq along the spring; a     the enerqy that it does radiate would have
brief instant later another jerk wil! start no directivity (somewhat as a bare light
another pressure wave, and so on. If            bulb radiates light in all directions).
these jerks can be repeated uniformly and      On th4 other hand, a sound source 1 ft in
periodically, a continuing advancing wave      di~/~eter is quite large for 14000 Hz sound;
train can be observed on the Slinky spring     it is eaual to 12 wavelengths in diameter
even though each coil of the spring only        and this is larqe enough to radiate enerqy
oscillates back and forth a relatively          efficiently and to produce a somewhat
short distance. The periodic rates of          directional beam (somewhat as a searchlight
producing the jerks on the spring might be     beam).
considered as the "frequency", and the
distance between successive pulses advanc-     As another example, 1 in. thic~ acoustic
in~ alon~ the spring miqht be considered        tile is so thin in te~s of low freouency
as the "wavelength". If the frequency of      wavelenqths of sound that it has little
the jerks is low, the distance between          absoz-~tive effect for sounds havinq wave-
advancing pulses on the spring is quite         lenqths of 10-50 ft. But, when the wave-
large. If the frequency of the jerks is       lenqth begins to approach the dimensions
quite high, the distance between advancing     of the acoustic tile, the material becomes
pulses on the spring ("wavelenqth") is          quite effective. Acoustic tile may absorb
~uite short,                                             as much as 50-90% of the incident sound

enerQ-y for frequencies of 500-5800 Hz, whose
The sa~ne basic mechanism exists in a sound    wavelengths range from about 2 ft to 2 in.
wave, where the frequenc~z that excites the
wave and the resulting wavelength between      As another exB~nple (and this is the one we
advancinq pressure pulses are related            are really leadinq up to), we may place a
throuqh the velocity of sound in ~ir,            barrier in front of a noise source, expec-
Hence,                                                     tinQ to provide a quiet "sha4~xv zone"

behind the barrier. In the i~ frequency
c = fl or ~ = c/f                    re~ion, a normal size barrier appears quite

small compared to wavelenqths of 10-50 ft,
where c is the velocity of sound in air        so the barrier does not provide ve~ much
(approximately ii00 ft/sec), f is the fre-     sound shieldinq (it does not cast averv

Quency of the sound, amd I is the re- .          stronq "acoustic sha4ow"). However, for
sultinq wavelength of that frequency in         high freQuenc-!, sound, the barrier appears
air.. As examples, the following fre-            large in terms of 1 ft to 1 in. wave-
quencies produce the following wavelengths     lenqths and produces relatively soo~
in air.                                                    shielding.
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Whenever considering various acoustic pro- "intensity" of a sound signal and "intensity"
perties of sources, materials or sound is related to sound pressure. A reduc-
control treatments, always think of the tion of a factor of 4 in intensity is the
~e~J~ce in t~rms of wavelength ~imensions. equivalent, then, of a 6 dB reduction in
Usually, most acoustical products will per- sound level. (Recall that two eaual
form well when they are ~enerally large or amounts of energy produce a 3 dB change,
comparable to wavelenwth dimensions and thus four e~ual ~ounts wi~l produce two
they will perform relatively poorly when 3 dB chan~es, or 6
they are guite small in terms o£ wave-
length dimensions. Sketch i.i illustrates "spherical spread-

ing" of sound from a point source. In
reality, the small areas A and 4A ~e

1.10 SDI~ND LEVEL REDUCTION WITH DISTANCE actually only small secFments of large
spherical (or hemispherical) shells that

As a Q~neral rule, sound from an essen- in concept radiate out from the point
tially localized source spreads out uni- source in three ~imensions somewhat as
formly as it travels away from ~he source, ripples radiate out in two dimensions from
and the sound level drops off at the rate a pebble dropped on the surface of a calm
of 6 dB for each doubling of distance, pond of water.
This is referred to in acoustics as the
"inverse square law". ~his effect is due Since a microphone, or a person’s ear, only
to spreading only, and this is an effect samples a small area of sound level or soun~
common to all types of energy originating intensity, that microphone or ear will then
from an essentially point source and free receive a 6 dB lower signal for each ~o~-
of any special focussing or beam-control- lin~ of distance from t~he source. ~his is
ling devices. This is illustrated in the essence of the "inverse s~uare law",
concept in Sketch i.I below. Suppose X which says that the sound pressure or
represents a "point source" of noise, intensity varies inversely as the square
Suppose the noise radiates uniformly in of the ~istance; i.e., at twice the
all directions, but for this illustration distance, the intensity decreases by a
suppose we confine our interest to the factor of 4 (or -6 dB accordinQ to ~able
sound energy that is contained within the 1.2); at three times the distance, the
solid anale bounded by the four radiiting intensity decreases by a factor of 9 (or
lines shown. At the distance D from the -9.5 dB) ; at four times the distance,
source, the area of the se~ent within intensity decreases by a factor of 16 (or
the radiatinw lines is a x b or A. If -12 @B), etc.
we now move out to a distance 2D from
the noise source, for the s~me solid angle ~he "inverse s~uare law" is reduce~ to tabu-
of soun~ propagation, each side of the far form in ~able 1.3. The "startin~ dis-
new surface is dottbled, i.e. a has in- tance" in Table 1.3 is 50 ft, since this
crease4 to 2a an~ b has increased to 2b. is a distance that has been used widely in
The new surface area at 2D is thus 4 times vehicular noise studies as a reference
the original area at D, or 4A. Since distance. ~his t~uhle applies to A-scale
the same amount of sound enerc~ passes sound level drop-off from a "point source",
through both area A and area 4A, we see and it takes into account that air
that the "energy per unit area" at dis- absorbs a certain amount of high frequency
tance 2D is one-fourth what it is at energy due to "molecular absorption" over
distance D. "Energy per unit area" is relatively lon~ distances (greater than a
defined as few hundred feet). Since A-scale sound

levels emphasize high frequency noise
components, this "molecular absorption"
increases the rate of drop-off with dis-
tance slightly greater than the "inverse
s~uare law" would provide alone.
A-scale reduction with distance also
takes into account the approximate fre-
~uenc-f spectrum shape of typical vehicular
traffic noise. .~e loss due to this
effect has been calculated for a few
representative distances, and it averages

~/, approximately 1 dBA i0~0 ft, startin~per
D beyond the first 2000 ft distance. There

~D is also a small amount of acoustic energy
loss due to soun~ transmission in the
presence of a variety of small but typical
atmospheric effects (discussed brief]y in

SKETCH ].l Section i. II). These are here assigned the
fairly reasonable value of I dBA per
I000 ft, starting beyond the first 1000 ft
~istance.
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These two extraordinary effects associated      In the first chart, Figure 1.3, only a
with the A-scale rate of souDd level reduc-     single sound source is used, and its sound
tion are most noticeable at large distances     reduction follows the inverse square law
(say over 2000 ft) and are negligible at         drop-off of Table 1.3, producing the
short distances (say under i000 ft). Since     expected 6 dBA reduction for each doubling
most serious highway noise problems usually     of distance from the source to the observer
arise due to close distances to the road-        points A, B, C, D, and E.
way, the departure of A-scale levels from
true inverse square law that occurs at the      Figure 1.4 shows three sound sources spaced
larger distances is not of major concern,        at 400 ft distances along the 800-ft source
Nevertheless, these effects are included         line perpendicular to the observer points.
in Table 1.3 (and also in Tables 1.4 and         Each individual source radiates hemispheri-
1.5 which are presented later). The              cally as a point source, but the thr~ ~
mathematical construction of Table 1.3 is        sources combine to produce the levels sho.~n
described approximately by the following         at points A, B, C, D, and E. Notice that
formula:                                                     the drop-off rate (shown in the Difference

dBA ~eduction                                        column) starts at 5.7 dBA for the first
5~!ID-1000I ID-2000 I    distance doublina, then drops to 5.0 and

= 20 log     + I--~- + ~             4.5, and then begins to rise again to 4.9

for           for          dBA per double distance ("DD") for the outer
D>I000       D>2000         distance doubling. Notice also that at

point A, the presence of the nearby source
where D is distance in feet.                          1 produces 80 dBA, while the more remote

sources 2 and 3 increase the total to only
Although Table 1.3 represents fairly accur-     80.2 dBA. Yet, at point E, remote from all
ately the average rate of drop-off of A-         sources, source 1 produces a level of
scale sound levels with distance from a          56 dBA while sources 2 and 3 combine to pro-
single vehicle, this drop-off rate is not        duce 58 dBA, to give a total of 60.1 dBA.
realized £or most high-traffic-density            (Accuracies of 0.1 dB are used in these
roads because an observer seldom hears just     charts to indicate small differences.)
a single vehicle. Rather, an observer near
a well-travelled road usually is within          Five sources are placed at 200 ft separa-
hearina range of several vehicles. In the      tion along the 800-ft source line in Figure
limiting case, a long continuous line of         1.5. Now, the drop-off rate with distance
vehicles along a roadway becomes a "line         starts at 4.8 dBA/DD, drops to 4.1 and 4.2
source" (as opposed to a "point source"),        and then rises to 5.1 dBA/DD. Notice that
and the rate of sound level drop-off               sources 2-5 still produce only a small
with distance approaches "cylindrical             change (0.6 dB) on the original level pro-
spreading" which produces a 3 dB drop-off       duced by source 1 at the closest observer
rate for each doubling of distance.*              point A. At point E, however, the 5

sources produce 6.4 dB higher level than
A series of charts (Figures 1.3-1.9) is used    that produced by source 1 alone (from
to illustrate a gradual change-over from a      Figure 1.3). [Question: if all 5 sources
point source to a line source. For each         had been located at source i, what would
chart, suppose that each sound source pro-      be the sound level at Point E? At point
duces a sound level of 80 dBA at a refer-       A?].
ence distance of 50 ft. It is desired to
show in each chart the total sound leve!         In Figure 1.6, nine sources at 100 ft
at observer points A, B, C, D, and E at          spacing are distributed along the 800-ft
distances of 50, 100, 200, 400, and 800 ft       source line; and in Figure 1.7, seventeen
respectively, due to the sound sources            sources at 50 ft spacing are distributed
positioned along a line perpendicular to         along the line. Between points Aand B,
the line of observer points,                        the drop-off rate is down to 3.8 dBA/DD in

Figure 1.6 and down to 3.3 dBA/DD in
* Empirically-derived and analytically-          Figure 1.7. This shows that at relatively
derived models demonstrating this rate of       close distances to the line of sources,
drop-off for relatively high traffic flow       many nearby sources are required to app-
conditions are described in the National         roach the 3 dBA/DD value. Between the
Cooperative Highway Research Program              more remote points C, D and E, the drop-
("NCHRP") Report 78, entitled "Highway           off rate rises into the region of 4 to 5
Noise -- Measurement, Simulation, and Mixed     dBA/DD in both Figures 1.6 and 1.7.
Reactions", 1969, and NCHRP Report 117,
entitled "Highway Noise -- A Design Guide       Figure 1.8 is similar to Figure 1.6, except
for Highway Engineers", 1971.                        that the source line has been lengthened.
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In Figure 1.8, twenty-one sound sources are The Difference column (the drop-off rate) in
uniformly distributed (at i00 ft distances) Figures 1.4-1.9 shows a variation that
over & lodger line, here 2000 ft long. Now, typically starts with a given valut at
the drop-off rate falls in the range of 3.4- close distance, which then decr~ase~ for tht,
3.6 dBA/DD for distances out to 400 ft, medium distances, and th~n increases for the
but increases to 4.4 dBA/DD for the 800 ft greater distances. The variation is not
d~stance, random, it actually follows a pre4ictabi~

pattern. Assume in Sketch 1.2 an array of
The final chart in this sequence is Figure point sources and observer locations, some
1.9, which doubles the length of the source what similar to the arrays of F~gures l.~-
l~ne of Figure 1.8. For this 4000 ft line 1.9.
of point sources at 100 ft spacinw, it is
seen that the drop-off ra~e starts at 3.5
dBA/DD for the close observer points, then
drops to 3.1 and then increases to 3.5
and 3.8 dBA/DD for the outer observer ~                                    Total Line Length "L"
points. The contributions o~ various groups |
of these sources may also be seen in the I
levels tabulated in Figure 1.9. The so~rce ~: ~ .... ~ ~
centra] 9 sources, for example, strongly Line

Lcontrol the total sound level at Points A
and B, while the more remote sources d,-.~/,
gradually add more noticeably to the sound
levels at the more remote observer points.
At Point E, all sources beyond the central
9 sources actually produce a slightly lar-
ger total contribution th~n do the 9

Obse~ercentral sources. Line

The significance of this point wil! be
emphasized later as we discuss noise
control in highway design. However, it SKETCH 1.2
becomes obvious at this point, perhaps,
that if we should hope to achieve extensive
noise reduction for a group of residences
800 ft from a long, straight, flat highway,
we cannot simply limit our concern to the
nearest 800 ft length of traffic (con-
tained within the central 9 sources of
Figure 1.9), because other sources all
a!ong the source line combine to produce It has been shown* that for observer
just as much noise as the relatively few distances d, (to the line source) less than
nearest sources, a/~, the drop-off rate approaches 6 dB per

double distance; at observer distances
It is probably aDparent that additional between d~ and d~ (i.e. between a/~ and
filling of the ]ine with sound sources L/n), the drop-off rate approaches 3dB per
would continue to bring the drop-off rate double distance; and at observer distances
down to the ultimate 3 dBA per double d~ beyond L/~, the drop-off rate approaches
distance. The significance of this 6 dB per double distance. The geometry
lengthy development is that when we later for this condition requires equal spacing

"a" of the point sources a limited lineconsider actual highway layouts and near- ’
by residential neighbors, we shall select length "L", and at least 3 sources in the
some reasonable value of drop-off rate to array. The derivation gives justification
assist in the estimation of noise levels for the variations shown in Figures 1.4-1.9
along the highway riuht-of-way. We can even though the values never quite reach the
surmise from Figures 1.3-1.9, that limitinu values of 3 and 6 dB. In effect,
quantity of traffic flow and distance this approximation tells us that at very
from the roadway are factors that influence close distances, we see (or hear) essen-

tially only one source at a time, and atthe noise drop-off either side of the high- very large distances the limited length ofway. All discussion up to this point the line of sources beuins to resemble aassumes clear line-of-sight between noise "
sources and observation points and no point source.

interference with sound transmission; this
also assumes that the sound sources are * "Nois~and vibration Control," edited by
omni-directional, that is, each source Leo L. Beranek (McGraw-Hill Book Company,,
radiates sound uniformly in all directions. 1971) pages 166-168.
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For the intermediate observer distances, the    Since we place so much data into terms that
array of sources behaves approximately as a      are easily converted to decibels, and since
line source, depending on the density of          decibels are loqarithmic units, the quan-
sources. Actually, in Figure 1.4, the            tity 2nD2 can be expressed in logarithmic
closest observer points A and B are within       terms as 10 log 2nD~. Recall from earlier
the distance a/n (= 400/n = 127 ft), and we      exposures to mathematics that
see that the 5.7 dB/DD drop-off rate does
approximate the estimated 6 dB rate. In                       10 log D2 = 20 log D.
Figure 1.7, observer points A, B, and C are
greater than a/n (16 ft) and less than L/~       The term 20 log D provides a means for
(254 ft) , and we see that the 3.3 and 3.9        simply describing the 6 dB drop-off rate
dBA/DD drop-off rates approach the estimated    for each doublinq of distance. For
3 dB rate. In Figure 1.7, observer points       example, let D! = 100 ft and D~ = 240 ft.
D and E are beyond L/n (254 ft) , and we see      From the logarithmic functions in Table
that the 5.3 dBA/DD drop-off rate approaches     1.2, we see that~
the estimated 6 dB rate. In summary, all
the configurations of Figures 1.4-1.9                         I0 log i00 = 20 dB
generally tend to agree with this estima-                      10 log 200 = 23 dB
tion procedure: in the close-in region
(less than a/n) only Figure 1.4 provides          Then,
data (rate 5.7 dB/DD); in the intermediate                   20 log i00 = 40 dB
region, drop-off rates range between 3.1 20 log 200 = 46 dBand 4.1 in Figures 1.5-1.9; and for the
remote region (greater than L/n), drop-off
rates range between 4.8 and 5 3 in Figures       Thus, the difference between the sound

levels at I00 and 200 ft is 46-40 = 6 dB,1.4-1.7. All of this might be simply
summarized as follows, when applied to            in accordance with the "inverse square law"
high-density highway situations. For a           for point source radiation.
line of sources of length L, the drop-off
rate will approximate 3 - 4.5 dB/DD for           Now, for cylindrical spreadinq from a line
observer distances less than L/3 and it wil!    source, the function i0 log D is suffi-
approximate 4.5 - 6 dB/DD for observer            cient to produce the 3 dB per double
distances greater than L/3. For most high-     distance drop-off rate. Prom above,
way situations, the very close-in condition
(inside a/n in Sketch 1.2) will not be                         I0 log i00 = 20 dB
appropriate, because vehicles do not main-                    i0 log 200 = 23 dB.
rain fixed spacing and because housing
areas or other occupant uses would not            This gives a 3 dB change for the distance
take place at such close distances to             change from 100 to 200 ft.
highways.                                                   In highway practice, there is seldom an

In this discussion of the sound level drop-     infinitely long line of an infinite number
of vehicular sound sources, so the ideal-off with distance, the concept of spherical      ized line source and its ultimate 3 dB

(actually "hemispherical") spreading at
6 dB per double distance and cylindrical         drop-off rate ("i0 log D" function) is

never quite realized. Also, with busy(actually "semi-cylindrical") spreading          highways there is seldom such low traffic
at 3 dB per double distance has been               densities that only single sources ("20
discussed. In actual use this is an awkward
method for describing the various rates of       log D" function) control the design. We

now have, however, the ability to selectdrop-off that can exist between the two           any num]%er between I0 and 20 to apply to
limiting conditions of 3 dB and 6 dB per         the "log D" function to express any
double distance. So, there is need for a        desired drop-off rate. In NCHRP Report
simpler method for describing a drop-off          78 considerable evidence is given in
rate mathematically. In Sketch i.i on               ’ support of 15 log D as the function forpage 1-7 , only a small segment of a               relatina sound levels to distance.
hemispherical shell was shown at distance D
from the sound source*. The area of the         Checking the example at 100 and 200 ft
complete hemispherical shell would be 2nD=.      distances,

15 log I00 = 1.5 X 20 = 30 dB
15 log 200 = 1.5 x 23 = 34.5 dB.

* "Hemispherical" because the sound source       This term gives a 4.5 dB per double dis-
is assumed to be located on the earth’s           tance drop-off rate. This rate would
surface, such as a vehicle on a highway,          apply approximately to the situation
and sound radiates into the air around the       charted in Figure 1.5 where five sound
source but not into the earth below,               sources are spaced at 2~ ~t intervals.
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A function "12 log D" would provide a             dBA Reduction
drop-off rate of 3.6 dB per double dis-                      ~D      ~D-1000~      D-2000
t~nce which would approximately describe          = 10 log~u      + I 10~I + ~
the conaitions of Figure 1.9 with 41                                            for           for
sound sources at 100 ft intervals.                                            D>1000       D>2000

In general, any desired drop-off rate         where D is distance expressed in ft.
can be obtained as follows: multiply          Table 1.5 is constructed around a 4.5
the 10 log D function by a multiplier          dBA/DD drop-off rate and also includes
which is one-third the desired drop-off        the extra losses mentioned earlier. The
rate, i.e.,                                              formula for constructina this table is

Desired Rate                                    approximately:
’3        x (I0 log D). dBA Reduction

The following table indicates the method        = 15 log ~ + ~ +
for obtaining a few of these drop-off                                         for           for
rates, including the samples used in the                                     D>I000        D>2000
above illustrations.

Desired Rate                                          One concluding remark should be made here
(dBA per DD)     Multiplier     Log Function    regarding the drop-off rate. In typical

high-density highway traffic, including
6.0           6.0/3 = 2.0      20 log D        both automobiles and large trucks, there
4.5           4.5/3 = 1.5      15 log D        are usually such a large number of auto-
4.0            4.0/3 = 1.333    13.3 log D     mobiles that the highway becomes a line
3.6           3.6/3 = 1.2      12 log D        source for automobiles and the noise
3.0           3.0/3 = I..0      i0 log D       drops off at a rate approaching 3 dBA/DD.

However, typically, the large trucks are
This procedure wil! hold for A-scale            fewer in number, but noisier than auto-
sound levels over short distances (say         mobiles, and the highway truck noise
out to 1000 ft). For longer distances,        may appear as an array of randomly-
as mentioned earlier, the molecular ab-        distributed point sources that do not
sorption of high frequency sound and           have enough continuity to achieve full
various atmospheric effects tend to re-        line-source status. Thus, the noise of
duce A-scale levels slightly faster than      these stronger sources may propagate
these fixed rates would suggest,                 with a variable drop-off rate somewhere

between 6 dBA/DD and 3 dBA/DD depending
Two of these drop-off rates are in current    on the quantity of trucks. The total
use in highway noise evaluation procedures, effect of the highway, then, is that of
The 3 dBA/DD rate is used in the Traffic      a line source attributable to auto-
Noise Prediction Computer Program of the      mobiles and a mixed source (points and
Transportation Systems Center (herein-         short line segments) attributable to
after referred to as the "TSC Computer         trucks. This must be handled as a
Program"*). The 4.5 dBA/DD rate is used      statistical mix of sources with a re-
in NCHRP Report 117. The enclosed Tables     sulting Compromise drop-off rate that
1.4 and 1.5 provide sound level reductions    attempts to represent reasonably correc-
as a function of distance for these two        tly the real-life highway noise problem.
drop-off rates, using 50 ft as the start-
ing distance. Table 1.4 is constructed
around the 3 dBA/DD drop-off rate, and         ].]] ££££C7 0£ ATM0$PH£RIC5
it also includes the influence of mole-
cular absorption on the higher frequency      Precipitation, wind fluctuations, wind grad-
portion of A-scale levels and the addi-        ients (with altitude), temperature, tempera-
tional small loss due to atmospheric           ture gradients (with altitude}, and relative
effects. The formula for constructing         humidity are possible atmospheric factors in
Table 1.4 is approximately:                       sound transmission.**

* Traffic No~se Prediction Model MOD 2       **For a more detailed summary of ata~spheric
referenced and described in "Manual for     effects on sound propagation, the reader may
Highway Noise Prediction" (in three          refer to "Noise and Vibration Control," edited
volumes), Reports No. DOT-TSC-FHWA-72-1     by Leo L. Beranek, McGraw-Hill Book Company
and 2, of the Transportation Systems         (1971), pp. 169-174.
Center, 55 Broadway, Cambridge, Mass.
02142.
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Rain, mist, fog, hail, sleet and snow are the       Constant temperature with altitude produces
various forms of precipitation to consider,          no effect on sound transmission, but tempera-
These have not been studied extensivelv in          ture gradients can produce bending in much the
their natural state so there are no represen-      same way as wind gradients do. Air tempera-
tative values of excess sound attenuation to        ture above the ground is normally cooler than
be assigned to them. Generally, various forms      at the ground, and the denser air above tends
of precipitation may cause a speed reduction        to bend sound waves upward. For normal temp-
in traffic flow and this may tend to reduce         erature distributions there is little or no
the noise slightly. Wet road surfaces, on the      increase, but there may be a significant de-
other hand, will increase the high frequency        crease in transmitted sound levels at large

¯ content of tire noise. Rain, hail and sleet        distances (highly variable, but up to 10-20
may change the background noise levels in           dBA over a 1000-2000 ft distance). With
residences along a roadway and thus provide          "temperature inversions" the warm air above
some masking of the traffic noise. A thick         the surface bends the sound waves d%wn to
blanket of snow provides an absorbent ground        earth. These effects are negligible at
cover for sound traveling at grazing incidence     short distances but they can produce somo
near the ground. In practice, of course,            increase in sound levels at ground eleva-
these various forms of precipitation are in-        tion at large distances (over a half-mile)
termittent, temporary and of relatively short       for some geometries and thermal structures.
total duration, and they can not be counted         Generally, temperature gradients will not
on for steady-state sound control, even if           consistently increase or decrease noise
they should.offer noticeable attenuation,            levels from highways at the close distances
Also, since windows are usually closed durlng       where sensitive neighbors may live.
precipitation, any change in source noise or
in background noise due to precipitation is         Since wind speeds and temperature varia-
generally of secondary importance,                      tions for a height of up to 50 ft above the

earth’s surface are not known and are not
readily measured, this is considered out-

A steady, smooth flow of wind, equal at all         side the field of interest of the highway
altitudes, would have no noticeable effect on      engineer while making highway noise evalua-
sound transmission. In practice, however, wind    tions. Thus, rather than attempt to obtain
speeds are slightly higher above the ground         detailed micro-meteorological data and attempt
than at the ground, and the resulting wind          to correlate it with possible effects on sound
speed gradients tend to "bend" sound waves          transmission, it is cautioned that atmospheric
over large distances. Sound traveling with         variations can influence short-term sound
the wind is bent down to earth, while sound         transmission even though they cannot be
traveling against the wind is bent upward           relied upon for !ong-term noise reduction.
above the ground. There is little or no in-       ~hus, when ambient noise readings are being
crease in sound levels due to the sound waves       taken for various noise sources located more
being bent down; in fact, there is additional       than a few hundred feet from the measurement
loss at the higher frequencies and at the great- position, these atmospheric effects may
er distances. There can be noticeable reduc-      produce artificially low noise levels at
tion of sound levels (sometimes up to 20-30         any particular time.
dBA) at relatively long distances (beyond a
few hundred yards) when the sound waves are         "Molecular absorption" is a mechanism in~olv-
bent upward, for sound traveling against the        ed in the physics of sound in air that can
wind (for 10-20 mph wind speeds),                      actually absorb some sound energy for rela-

tively long distance sound transmission. This
Irregular, turbulent or gusty wind provides         effect is most noticeable at high frequency
fluctuations in sound transmission over .large      and it is dependent on temperature and rela-
distances. The net effect of these fluctua-        tive humidity of the air. The table below
tions may be an average reduction of a few          gives the approximate sound absorption as
decibels (say up to 4-6 dBA) per 100 yd for         a function of frequency for the conditions
gusty wind with speeds of 15-30 mph, but the        of 60°-70° F. and 60-70% relative humidity.
short-term instantaneous fluctuations may be           0crave £re@uency      Abs0rpt40n RaZe **
even greater than these average losses.*                    Band (Hz)            (dB per 1000 ft)
However, gusty wind or mixed wind direction
cannot be counted on for noise control over                 31-250                       0
the lifetime of a highway.                                           500                    0.7

1000                     1.4
2000                       3.0
4000                     7.7
8000                    14.4

*"On the Effect of Atmospheric Turbulence on **"Standard Values of Atmospheric Absorption
Sound Propagated over Ground," Uno Ingard and as a Function of Temperature and Humidity for
George C. Maling, J. ~c~8~. So~. o~ ~4~, use in Evaluating Aircraft Flyovcr Noise,"
vol. 35, pp. 1056-1057, (July 1963). ARP 866, August 31, 1964, Society of Automo-

tive Engineers, 485 Lexington Avenue, New York
10017.
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A-scale sound levels for typical truck spectra     and thezn~al gradients are almost always pre-
have been calculated for several distances          sent, a small token amount of attenuation ofsound is suggested for long distance sound
out to 4000 ft making use of these average ~Lb-     transmission. This is assigned a value of 1
sorption rates. Out to 2000 ft, the domina!%t      dBA per 1000 ft starting after the first 1000
low- and mid-frequency of the truck noise           ft. This a/~ount is contained in the data of
controls the A-scale reading sufficiently,           Tables 1.3, 1.4, and 1.5, and approximately
that the influence of absorption on the higher     t_his ~unount of attenuation is included in the
frequency noise is negligible. Beyond 2000 ft,    TSC Computer Program.
and out to 4000 ft, the absorption begins to
influence the rate of drop-off slightly, about     A final reminder is given relative to the
i dBA per 1000 ft. Thus, Tables 1.3, 1.4, and     influence of atmospheric effects on sound pro-
1.5 have been constructed to include an addi-       pagation. Just as wind and thermal gradients
tional i dBA loss per i000 ft, starting at          can reduce noise transmission from highways
2000 ft, attributable to the molecular absorp-     under certain conditions (greater than the
tion effect on truck noise. The same rate is      1 dB per 1000 ft just mentioned), these grad-
taken as applicable to the noise spectra of          ients can also reduce ambient or background
automobiles, although this is not exactly            noise levels arising from certain sources,
correct. The slight error in applying this         such as remote street traffic, city noise,
same rate to auto noise is probably no greater     or industrial noise. This can result in
than 1 dBA at 1000-2000 ft, and at these dis-       temporarily and artificially !ower bac]:ground
tances truck noise is generally the controll-      noise (sometimes by as much as 20-30 dBA) and
ing noise in most highway situations. Inside       this can lead to an unrealistic picture of
i000 ft distance, the influence of molecular        the arabient noise conditions at a measurement
absorption is negligible for all highway traf-     site. For this reason it is good practice,
fic for most reasonable values of temperature       when making conunttnity background noise measure-
and relative humidity,                                      ments, to make a few repeat measurements at a

few locations at one or two later time periods
Very low values of relative hu~nidity produce        (a few days or .weeks later, if possible).
unusual effects. In the temperature range           This at least offers the opportunity for a
of 60~-100~ F., relative humidity in the             different set of atmospheric conditions to
range of 10-20% increases dramatically the           prevail. The effect of non-typical ambient
effect of molecular absorption. These low          readings will be mentioned in Chapter 3 on
valucs of relative humidity are not found in        noise measurements.
most inhabited areas, but when they de occur
in arid regions they can decrease noticeably       !unother weather-related influence on back-
the very high frequency content of noise,            ground measurements is the high frequency
particularly in the 4000 and 8000 Hz octave         sotu~d of crickets, peepers, katydids or other
bands, for sound transmission over long dis-        chirping wild-life, and the sound of leaves
tances (greater than i000 ft). This still          rustling in even a slight breeze. These high
does not significantly affect the A-scale           fre~uen~ sounds strongly influence ~-scale
level of traffic noise, because much of the         background readings in rural and suburban
noise energy of concern falls in the 250-           areas and can produce falsely high values.
i000 Hz frequency region. An interesting,           Alternative time periods or measurement pose-
but not particularly useful, effect of mole-        tions should be selected when these noise
cular absorption is that at low relative             sources prevail in an area.
humidity (10-20%) and very low temperatures
(below about 20°F), the molecular absorp-
tion at high frequency almost vanishes.              ].]2 EFFECT OF PLANTINGS, WOODS, AND VEGETATI0~
During these conditions, high frequency
sounds are heard much better than under              Heavy dense growths of woods provide a small
more norr~l temperature conditions. For            but useful amount of attenuation. NCHP~
example, on dry, low-temperature days (near         Report 117 suggests the use of 5 dBA attenua-
0~F), the high frequency sounds of aircraft         tion for a i00 ft depth of woods of sufficient
flyover noise are dramatically enhanced. This     density that no visual path exists through
is an interesting acoustic phenomenon, but of      this 100 ft depth. The woods should extend
little practical value in most highway noise       at least 15 ft above any line-of-sight between
analyses,                                                    highway traffic sources and all portions of

the neighboring buildings to be protected.
In sttn~ary, there are atmospheric effects           For an additional depth of woods of i00 ft or
which would seldom increase but could signi-        more, an additional 5 dBA attenuation can be
ficantly decrease sound levels at large dis-        assumed, but the total attenuation claimed for
tances from a source. These decreases are          al! such plantings should not exceed I0 dBA in
usually of an intermittent, short-time dura-        any configuration. To be effective in both
tion and they are usually beneficial to the         winter and su~er, there should be a reasonable
receiver (in giving temporary noise reduction)     mixture of both deciduous and evergreen trees.
when they occur, but it is best not to rely on     Also, the underbrush or ground cover should be
them for long-time benefits in terms of noise       sufficiently dense and tall to provide attenua-
control design. Because some amount of wind        tion of sot~nd passing under the tree growth.
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For low-density growth, a token amount of 1.13 EFFECT OF BARRIERS **
attenuation, such as 2 or 3 dBA per 100 ft
depth, might be permissible, but this is left A wall, a building, an earth berm, a hill or
to the judgement of the user. Again, the some other .type of solid structure, if large
total attenuation for such plantings should enough, can serve as a partial barrier to
not exceed i0 dBA. The reason for imposing sound and can provide a moderate amount of
the i0 dBA limitation on any type of natural sound reduction to an area located within the
growth is that some sound paths are passing "shadow zone" provided by the barrier. Sound
over the top of the trees and are frequently barriers do not cast as sharply defined shadows
scattered or bent back down to earth beyond as light barriers do, because wavelengths of
the tree growth by various mixtures of wind sound are usually somewhat comparable to the
and temperature gradients or wind turbulence, dimensions of the barrier, whereas wlth light,
These paths of sound ("sky waves") will limit the dimensions of a barrier are many. many
the total sound reduction that can be achieved times larger than the wavelength of light.
by trees or other tall, dense natural growth Sketch 1.3 below helps explain the mechanism
at the earth’s surface, of a sound barrier.

Occasional trees and hedqes have aesthetic
and psychological value as partial visual
barriers of highway activity, but they pro-
vide negliqible attenuation of sound. Do
not destroy them, but do not expect them to              ~

Soundhave significant acoustic value. Sound ReceiverBarrier
Extensive fields of tall crops, such as corn,
cane and wheat, and tall grass, weeds or other SKETCH
ground cover, and even freshly plowed fields
can provide sound absorption for sound paths Suppose that sound radiates uniformly in all
at "grazi,)g incidence" (parallel to the earth’s directions from the sound source, which we will
surface, passing just along the top of these consider here to be a point source. Among the
absorptive surfaces). However, this is not many paths of sound radiating from the source,
entirely reliable as a permanent attenuator we are primarily interested in the sound path
for the same reason as given above for trees: that follows the line drawn to the top of the
sound passing above the grazing incidence paths wall. The sound in this path would continue in
and returning to earth or arriving at the re- the straight line if sound wavelengths were as
ceiver by scattered or bent sound waves does small as light wavelengths. Since they are not,
not receive the full attenuation effects of the some of the sound "bends" over the top of the
absorptive surface. During calm, stable at- wall (this is called "diffraction"). In the
mospheric conditions, absorption effects of sketch, one portion of the diffracted sound is
ground surface and vegetation can be experienc- shown following the line drawn to the "receiver"
ed and measured and found to be significant*; of the sound. This particular sound beam has
but during the lifetime of a highway, such been deflected by an angle e from the original
ideal conditions are a rarity, and more often path direction. Thus, even though the receiver
the flanking paths of the "sky waves" of sound appears to be located in the shadow zone of the
will control. Thus, no acoustic credit should wall, and even though the receiver cannot see
be given for this type of plant growth. We the sound source, some sound may be heard in
recommend that the attenuation value for tall this shadow zone. It is a fundamental f~ct of
grass and shrubbery contained in the TSC Com- acoustics, however, that the larger the a~le
puter Program not be used. It greatly over- the less sound wil! be heard at the receiver

estimates the benefit derived. In addition, location. Thus, if we want to design an effcc-
for this type of attenuation to be at all rive sound barrier, it is essential to provide

applicable, the ground cover would have to ex- a large height or a large area for the barrier
tend over large distances in order to offer so the deflection angle ~ is as large as
absorption over all the paths from a long ex- possible.

posed length of highway to a receiver area.
Now, let us consider the same idea of a barrier
wall, but let us modify the sketch in order to
add some dimensions that are involved in esti-
mating the effectiveness of the wall as a
sound barrier.

*"Noise Reduction by Vegetation and Ground,"
Donaly Aylor, J. Accost. Sos. of A~e~, vol.
5]. pp. 197-205 (Jan. 1972); also, "Sound
Transmission Through Vegetation in Relation to **See P. 14 of NCHRP Report ll7 for a brief dis-
Leaf Area Density, Leaf Width, and Breadth of cussion ~nd list of a few references on
Canopy," Donald Aylor, J. Aeoust. Sos. of barriers. See also "Sound and Vibration Control,"
Am~4ea, vol. 5], pp. 411-414 (Jan. 1972). L.L. Berane~, pp. 174-180.
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~e
o r a short portion of a line source. A later
procedure will take into account long line

X              H                                  sources and multiple receiver positions. Also,
r the dimensions involved in this procedure are

constructed around A-scale spectra of vehicle
~~R--~~r~e~           ~    noise. Thus, without adjustment, the Figure
Source .~.            ~-o _             1.10 material should not be applied to just

SKETCH ].4          any type of sound source.

Using the procedure outlined in Figure i.i0,
the attenuation of a sample barri~.r is now

In Sketch 1.4, first draw a straight line (the      calculated. Suppose a barrier wail is built
"line-of-sight") from the source to the re-          to intrude beyond the line-of-sight by 15 ft
ceiver. Next, draw a perpendicular line from       (i.e., H = 15 ft). Suppose the wall is locat-
the "line-of-sight" to the topmost point of         ed 60 ft from the sound source (R = 60 ft) and
the barrier. The length of this line is             300 ft from the receiver (D = 300 ft). AI.
labeled H in the sketch. This is the "effec-       though these dimensions readily permit
tive height" of the barrier. A barrier must        tion of the hypotenuse of the two right tri-
interrupt the line-of-sight to be effective,         angles using the Pythagorus theorem, let us
and the larger the value H beyond the line-of-      follow the procedure of Step 3 in Figure i. I0.
sight, the better the barrier. The line-of-
sight can now be divided into its two segments                     H/R = 15/60 = .25
R and D. Next, draw lines from the top of the
barrier to the sound source and to the solnd                        H/D = 15/300 = .05
receiver. These are labeled X and Y in the
sketch. It is obvious, according to the             For this small value of H/D, ~D can be calcu-
Pythagorus theorem for right triangles, that       lated from
R2 + Ha = X2 and D2 + I{~ = Y~, from which

6D = 1/2 H~/D = 1/2 × 225/300 = .38 ft
X = ~ + H~ and Y = ~-~ + H2.

For the larger value of H/R, 6R can be deter-
mined by using Chart A:It has been found that a simple way to express

the effectiveness c.f a barrier is in terms of
the difference between the line-of-sight dis-               for      H/R = .25,      M = .03
tance from the source to the receiver (R + D
in Sketch 1.4) and the total sound path dis-       Then,        6R 

= MR = .03 × 60 ~ 1.8 ft
tance caused by placing the wal! in the path
(i.e., X + Y in the sketch). In conjunction       The total path length difference
with the first Sketch 1.3 of a barrier wall,
it was stated that large values of the angle              6 = 6R + 6D 

= 1.8 + .38 - 2.2 ft
e yield large values of barrier attenuation.
In Sketch 1.4, it follows then that large            Then, from Chart B, for 6 = 2.2, the barrier

attenuation is approximately 17 dBA.
values of the path length difference

(X + Y) - (R + D)                            Under ideal conditions, for the dimensions
indicated and for a fairly localized sound

may be related to large values of ~, which          source and receiver, this barrier could achieve
in turn may produce large values of barrier        an attenuation of approximately 17 dBA (for
attenuation. These path length differences        noise having a spectrum shape similar to that
lend themselves to simple sketches and calcu-      of highway traffic). For actual highway appli-
lations. When the path length difference,          cations, of course, the source might be a long
identified by the notation ~ ("delta"), is          line of traffic, the barrier would be of ex-
determined, the barrier attenuation can be          tended length to cover the line of traffic,
read from a curve. Since the path length           and the receiver might represent a number
differences frequently are very small distances, of houses in a residential area. For these
it is important that all distances be estimat-     real-life conditions, the attenuation might
ed closely and that the sketch of the .layout       not achieve the full 17 dBA value. Later
really represent the correct layout. If a          in the course, barriers will be considered
slant distance is involved, estimate the true      for extended sources. Some of the factors
slant distance, do net use an approximate hori-    that must be considered in actual barrier
zontal or projected distance instead. Also,        designs and uses are mentioned here in pre-
slide rule accuracy may not be good enough in      paration for the later detailed treatment.
the calculation of square roots.

In Section 1.10 it was pointed out that the
The procedure given here is similar to and         distant ends of long lines of vehicular noise
consistent with the procedure given in NCHRP       sources influence the sound levels received
Report ll7, but the form is different. The         at areas somewhat remote from a highway. This
procedure is summarized in Figure 1.10. This      is illustrated in Figure 1.9 where it may be
procedure is applicable to only a single source    seen that noise sources 1000-2000 ft from the
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central cluster of sources produce noise levels Now suppose that a 200 ft length of barrier
that are within 5-7 dB of those produced by wall is built near the road to shield the ob-
the central sources when heard 800 ft away server from Source i, but that nothing is done
from the roadway. In connection with that dis- to reduce the levels of Sources 2 and 3. Sup-
cussion, it was stressed that complete noise pose that the barrier achieves 15 dBA reduction
control of a highway must therefore include for Source 1. The resulting sound level con-
consideration of long lengths of the highway, tributions to the observer are as follows, in
even though the remote ends of the highway dBA:
would appear far enough away to be of no con-
cern. Source 1 Source 2 Source 3     Total

Let us illustrate this point with an example. 47.0 61.0 59.0 63.2
In Sketch 1.5 assume a simple array of three
noise sources along the source llne, and Thus, the 200 ft wall only achieved a reduc-
suppose we are concerned with the noise levels tion of 2.4 dBA for the observer.
received at the indicated observer position
400 ft from the sourceline. Next, suppose the wall is lengthened to 300 ft

to shield Sources 1 and 2, and assume the
barrier reduces Source 2 noise by 15 dBA also.

Source 3 2

47.0 46.0 59.0 59.4

Thus, the additional length of wall reduced~o ~t the noise an additional 3.8 dBA for a total
reduction of 6.2 dBA.

N~T ~ SCALE
~~ TO be completely effective, the wall should

be extended again to shield the noise from
Source 3. Thus, for this limited segment of

~bserver roadway, it is seen that a barrier wall along
Position the full length of exposed road would be re-

quired to achieve the order of 15 dBA noise
reduction. For longer lengths of exposed

SKETCH 1.5 roadway, longer lengths of barrier walls would
be required to achieve substantial noise re-
duction for the neighbors.

The sound levels at this observer position Next, consider the attenuation of a long
were calculated in Figures 1.3, 1.4, and 1..5, barrier wall beside a long section of highway.
if we will assume that these sound sources Consider the layout in plan shown in Sketch
produce 80 dBA at 50 ft distance. Thus, the 1.6. Let the dotted line represent a highway
sound level contributions to the observer are lane, and let the heavy solid line represent
as follows, in dBA: a barrier wall having H = 15 ft. Consider

Sources I and 2 and their paths that transmit
Source ] Source 2 Source 3     T0ta] sound to the observer. For sound Source i,

62.0 61.0 59.0 65.6 R = 60 ft and D = 300 ft. Actually, this ex-
ample is the one first used on page 1-15 to

Source 2 Highway Lane Source 1

----~R = 180 ft ~ R ~ 60 ft

~H ~ D z 300 ft

15 ft

D= = 900 ft
SKETCH

~bserver
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illustrate use of Figure i.i0. The barrier        side of the road. For some geometries, the
produces an estimated attenuation of 17 dBA         left side wall could actually reflect traffic
for Source 1 as heard at the observer posi-         noise over the top of the right side barrier
tion. Now, the sa~e barrier extends several       and reduce its effectiveness.
hundred feet down the road and provides shield-
ing to the observer for noise from Source 2.

It is because of these various limitations
and the sometimes hard-to-predict or hard-to-
control geometrical considerations that high-

For Source 2:                                                  way barriers may not achieve the attenuation
values calculated for them. Of course, in a

H/R = 15/180 = .083                                       complete analysis of barrier effectiveness,
both automobiles and trucks must be considered.

H/D = 15/900 = .017                                       Because of the higher elevation of the tz
noise source above the roadway, a barrier w~])
be less effective for truck noise than for

6R = i/2 H2/R = 1/2    225/180 = .63 ft            automobile noise.

6D = 1/2 H2/D = 1/2    225/900 = .125 ft           A unified design approach for barriers is
given later~ it will take into account some

6 = .63 + .12 = .75 ft                               of the weaknesses or limitations mentioned in
this introductory discussion. Although walls

Attenuation = 13 dBA                                        have been used chiefly in the above illustra-
tions of barriers, other forms such as earth

Because of the new combination of dimensions,      berms, hills, cuts, embankments or any other
the path length difference for Source 2 is          types of natural or constructed solid struc-
smaller than it was for Source 1 and the atten-    ture may serve as barriers. The barrier must
uation is less, even though the effective            have adequate mass and solidity to prevent
barrier height remains 15 ft for the entire         appreciable sound transmission through the
length,                                                      barrier itself. A surface weight of not less

than approximately 4 ib/s~ ft will be suffi-
The purpose of the last two illustrations is        cient for most barrier walls. (This low weight
to emphasize that long lines of barriers may       should not be used in indoor situations where
be required to achieve substantial noise re-       sound isolation from one area to another is
duction from a highway, and that the barrier       required.) For berms or stepped side walls or
attenuation changes for various portions of         thick structures, the "top" of the barrier,
the roadway because of the various distances       for calculation purposes, should be the point
involved. Actually, barrier designs can be         that provides the greatest path length dill-
optimized such that for certain specific lay-       erence. For long-length highway harriers,
outs the barrier attenuation can be made to         this will have to be checked for many position~.
increase or decrease in accordance with other      along the highway. When only short-length
needs of the problem,                                    barriers are used to protect localized noise

sources or receivers, the ~ of hhe bar-
A real-life factor that does Dot show up in        rier should be sufficient to extend horizon-
the calculations is that for large values of        ~ beyond the line-of-sight from all parts
R and D there is more opportunity for wind and     of the noise source to all parts of the re-
therm~l gradients to introduce additional bend-    ceiver by a distance 2|~ at each end of the
ing of the sound waves diffracted over the          barrier. It is also imperative in any barrier
top of a barrier and this tends to produce          design to consider the top-most part of the
lower attenuation than that calculated,              noise sources (such as the assumed average

8 ft height of the exhaust stack of diesel
Another limitation on the effectiveness of          trucks) and the top-most part of the receiver
barriers is illustrated in Sketch 1.7. Suppose    (such as the second-floor bedroom windows for
a barrier wall is built on the right side of       two-floor residences along the highway) in
the roadway to protect neighbors on the right      setting up the H value for the wall. Some
side. For some other reason, suppose a wall       acceptable barrier wall structures will be
or reflecting surface is located on the left       discussed during the course.

SKETCH 1.7
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1.14 BARRIER EFFECT OF BUILDINGS

In built-up residential or commercial areas,     produce essentially a positive value of H
the first row of buildings along a highway        (see Sketch 1.4) for the following row of
may provide some reduction of highway noise       houses. For flat, level ground, a row of
to areas beyond that row of buildings. In        one-floor buildings will provide little
turn, additional rows of buildings may give       protection to the second f!oor of a row of
additional noise reduction to areas still          two-floor buildings.
farther beyond.

First, considering just the ratio of open         1.15 0UTD00R-T0-1ND00R R01SE REDUCTI0~
area to closed area of a row of buildings                 PROVIDED BY A BUILDING FACADE
acting as barriers, it is possible to esti-
mate approximately the reduction of highway      Noise coming from an outdoor noise sc ’rce or
noise penetration through that row of build-     by an outdoor noise path may be heard by ~
ings. When the projected area of the first       person who is either indoors in his own
row of buildings represents approximately         building or outdoors on his property. If
50% of the area along the roadway, there-is      he is outdoors he may judge the noise a~ainst
justification for expecting approximately          the background noise due to other sources
a 3 dB reduction of noise to the next row         in the area. If he is indoors, he may tend
of buildings (from the earlier discussion          to judge the noise by whether it is audible
of decibel addition, recall that one-half         or identifiable or intrusive into his sur-
the noise represents a 3 dB reduction). If      roundings.
the projected area of the buildings repre-
sents approximately 80-90% of the area along     When outdoor noise enters into a building it

.the roadway, one might expect a noise reduc-     suffers some noise reduction, even if the
tion of about 7-10 dB, based on area con-         building has open windows. The actual amount
siderations alone (from Table 1.2, an              of noise reduction depends on building con-
opening of only 10% area would represent           struction, orientation, wall area, window
-10 dB and an opening of 20% area would            area, open window area, interior acoustic
represent -7 dB). Of course, if a long           absorption, etc. For practical purposes,
continuous solid building occupies 100% of        however, the approximate noise reduction
the area, that building could be treated as       values provided by a few typical building
a barrier and its effectiveness estimated         constructions are given on page B-I of PPM
according to Section 1.13. When buildings        90-2. These are repeated in the accompanying
in the first row along the roadway occupy         Table 1.6. Since the open-window condition
only about 10-20% of the area paralleling         provides the lowest value of noise reduction,
the roadway, each individual building might      and since many buildings are characterized
product a small localized barrier effect,         by open windows much of the year, it should
but the combined effect of such sparsely          be noted that the I0 dBA value assigned by
located buildings is negligible in producing     PPM 90-2 represents an average of many con-
noise reduction to the second or third row       ditions and the user might wish to apply his
of buildings,                                               own value for certain situations. For

example, for a school room with a large
Several studies have been carried out on          exterior wall area facing the highway, with
noise penetration into a community bordering    ia relatively large open-window area, and with
a noise source, and the findings are not very ’relatively little sound absorptive material
precise nor consistent, possibly due to            inside the room, the noise reduction may be
variations in geometry, house sizes, lot           as low as 6-8 dBA. On the other hand, for
sizes, house spacing, etc. It appears rea-      a bedroom having only one or two windows open
sonable, however, to follow the suggestion        3-6 in. wide, and having a moderate amount of
offered in NCHRP Report 117, where 5 dBA is       acoustic absorptive material (bed, drapes,
used as the reduction provided by the first      carpet, clothes, upholstered furniture, etc.),
row of buildings and i0 dBA is used as the        the noise reduction may be as high as 15 dBA.
maximum reduction provided by multiple rows      So, it is seen that the relative amount of
of buildings. These values assume rather         open window area and the interior absorption
dense "packing" of the houses (possibly 60-       determines the actual noise reduction value
80% house area and 20-40% open area) such.        for a building.
as to form an effective visual barrier be-
tween the roadway and the interior houses.        When the outdoor noise is known, in A-scale
For noticeably less dense packing of the          sound levels, the noise inside the building
houses, it can be left to the discretion of      can be estimated by merely subtracting the
the user to apply a sliqhtly !ower attenua-      "noise reduction" value of the structure from
tion rate, if desired,                                   the outdoor level, where all levels are ex-

pressed in dBA. Actually, the "noise reduc-
It is to be understood, of course, that the      tion" of a structure usually varies with
average height of the first row of houses         frequency and the values given in PPM 90-2
must equal or exceed the average height of        and Table 1.6 reflect the frequency distri-
the second row Of houses for the noise reduc-    bution of traffic noise and the frequency
tion to be realized. Strictly speaking, the     characteristics of typical building struc-
height of the protective row of houses must      tures.
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If critical situations dictate, specific           in the high frequency region than in the low
details of a building may be required in           frequency region, so it follows that hig~
order to calculate more precisely the noise        frequency noise will seem more pronounced
reduction provided by the building. ~pi-         than low frequency noise to hu!nan listeners.
cally, noise is excluded by solid surfaces         This is borne out by many reliable tests on
having high surface weight. Thus, an open         large nu~ers of people listen±ng to many
window is a poor structure for excluding            types of noise. As mentioned earlier (Sec-
noise, while a building of massize wal!              tion 1.7), the A-scale frequency weighting
construction and we!l-sealed heavy windows         network emphasizes the high frequency content
is a goo~ structure for excluaing noise,            of noise, and A-scale sound levels corr~lat~

well with hu/nan judgements of annoyance or
Prevailing weather conditions and the general     disturbance of noise. The second attribute
practices of the highway neighbors should           mentione@ above (intensity, or nol~e level)
determine the selection of the window condi-      is probably obvious. Higher noise levels
tion (from Table 1.6) to be used in a noise        are more intensive and more overpowering;
evaluation. Here a range of noise reduction      they may make it difficult or impossible
values appear applicable in a given study,          to hear things we want to hear. If they
the lower end of the range should be used for     are truly unwanted, and if there is no relief
conservative design,                                     from them, we may become~aroused to indigna-

tion or anger if the noise persists, espe-
To illustrate the use of Table 1.6, suppose        cially if we can pin-point the cause and fin4
that a group of residences have an outdoor          justification for blaming the noise on some-
noise level of 64 d~ due to nearby traffic        one else. The time pattern of the noise, the
activity. In the winter time, the houses           third attribute mentioned above, can be
which are predominantly of frame constzuction     related both to the t~nne characteristics
are equipped with sto~ windows; and in the        of the noise source and the time at which
sun,her time most of the houses are not air-        the noise is heard. In terms of the time
conditioned and have their windows open. The     characteristics of the noise, a smooth con-
inside noise levels due to highway traffic          tinuous flow of noise (such as from a fan)
would then be:                                               is more comfortable or acceptable than impul-

sive noise (such as from a jack-han~ner) or
in the winter time - 39 dBA                   inte~ittent noise (such as from a passing

truck), even though all of these noises
in the sunnier time - 54 dBA.                  might be judged as unwanted. There is evi-

dence that noise levels that change markedly
with time are more identifiable than noiseIo16 HUMAN RESPONSE T0 NOISE                         levels that remain constant, and noises that

are more identifiable tend to be more annoy-If people were not bothered by noise, there        ing. Related to traffic noise, this suggests
would be no highway noise problem and this         that a steady flow of traffic and a steady-
course would be unnecessary. Since people         state continuous noise level are less objec-
are bothered by noise, it is helpful to know      tionable to neighbors than intermittent flow
(a) some of the ways that people judge noise,      with time-varying noise levels. Still pursu-
(b) some of the known quantitative~relation-       ing the "time pattern" of the noise, obvi-
ships between noise levels and noise inter-        ously, the time at which the unwanted noise
ference, and (c) the design goals for noise        occurs is a factor: an automobile horn in
control set forth by the Fh~A. your neighbor’s dr±veway, that wakens you at

2:00 a.m. is more annoying than the same
The degree of disturbance or annoyance of an      sound 12 hours later.
unwanted noise depends essentially on three
things: (i) the amount and nature of t~he           The second factor regarding disturbance or
intruding noise, (2) the amount of background     annoyance of noise is associated with the
noise present before the intruding noise, and     background noise. People tend to compare
(3) the nature of the working or living             an intruding noise with the background noise

activity of the people occupying the area          that was present before the new noise came
where the noise is heard,                               into existence. If the new noise has dis-

tinctiMe sounds that make it readily identi-
Each of these items deserves a brief explana-     fiable or if its noise levels are considerably
tion. Regarding the first item, the nature        higher than the background or "a~tbient"
of the noise, three attributes of noise are        levels, it will be noticeable to the resi-
significant factors:                                     dents and it might be considered objection-

frequency distribution of the noise,           able. On the other hand, if the new noise
intensity of the noise (noise level), an8    has a rather unidentifiable, unobtrusive
t~/ne pattern of the noise,                         sound and its noise levels blend into the

ambient levels, it will hardly be noticed
Concerning the first of these three attri-         by the neighbors and it probably will not
butes, h~ans have better hearing sensitivity     be considered objectionable.
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The third factor involved in annoyance of         b) Interference With Sleep
noise concerns the nature of the working
or living activity of the people where the         Although some very interesting work on noise
noise is heard. People trying to sleep in        interference with sleep has been undertaken,
quiet suburban homes do not want very much        it indicates mostly the need for continued
intruding noise; while office workers in a        work to understand better the sleep mechanism
busy mid-city office could have greater            in people. The work of Thiessen and Olson*
amounts of noise without even noticing it;        of the National Research Council in Ottawa,
and factory workers in a continuously noisy       Canada reveals that a tape recorded truck
manufacturing space might not even hear a          passage wakened more than 50% of the test
noisy nearby highway,                                   subjects when the peak noise reached 50 dBA,

while some subjects did not waken when the
of course, most of these factors are "rela-       peak reached 75 dBA. Earlier work of other
rive", and it would be helpful to have some       experimenters showed that more than 50% of
specific quantitative relationships between       the subjects were wakened by a steady noise
noise levels and interference or disturbance      at 45 dB and that a range of 35 dB in noise
of noise. There are a few relationships that    levels was required to waken all subjects.
can be identified and mentioned.

These are not definitive tests upon which we
a) Interference With Speech                           canbase reliable criteria for highway no~se

intrusion, although the noise levels used
NCHRP Report 117 summarizes considerable           and the results noted seem fairly reasonable.
effort on the study of interference of speech
commuDication by intruding noise. Tables 7       c) Sound Level Differences
and 8 on’page 27 of NCHRP Report i17 are
reproduced here as Table 1.7. The upper half    Under controlled laboratory conditions, lis-
of Table 1.7 indicates the maximum "L50 A-         tening to a steady unwavering pure tone sound
scale noise level" that will permit reason-       that can be changed to slightly different
ably acceptable speech communication for the      sound levels, a person can just barely detect
voice levels and listener distances shown,         a sound level change of approximately one-
The lower half of Table 1.7 indicates a             half decibel for sounds in the mid-frequency
limiting condition that almost precludes           region. When real-lif~ sounds or noises are
reliable speech communication; it gives the       heard, it is possible to just detect level
maximum "LI0 A-scale noise levels" for barely    changes of 2-3 dB. A 5 dB change is readily
acceptable speech communication. This mate-      noticeable. A i0 dB change is judged by most
rial is based on automobile noise, essen-          people as a doubling or a halving of the
tially steady-state flow for the upper half       loudness of the sound. (Some of these sound
of the table and discrete events for the           level differences will be presented in the
lower half of the table.    The L50 and LI0            classroom with tape recorded events.) A 20
A-scale noise levels represent a way of            dB change is a dramatic change. A 40 dB
describing a fluctuating noise level. This       change represents the difference between a
concept is used extensively in highway noise      faintly audible sound and a very loud sound.
evaluations; more discussion will be offered     Each 10 dB step still carries the connotation
later. For the present, L50 is simply             of a doubling or a halving of loudness regard-
defined as the noise level that is exceeded       less of the levels at which the comparative
50% of the time, and LI0 is the noise level       sounds are presented.
that is exceeded 10% of the time. To illus-
trate the use of Table 1.7, suppose two men       In terms of noise control, this means that a
are standing 5 ft apart, facing each other,       2-3 dB reduction in noise from a highway will
using a familiar vocabulary and speaking at       hardly be noticed. A i0 dB reduction in high-
normal voice levels. They could just carry       way noise may be achieved at considerable
on a reasonably reliable conversation if the     expense, yet the neighbors can still hear the
interfering noise does not exceed 52 dBA for      remaining noise as though it were only half
more than 50% of the time or 58 dBA for more      as loud as before. Yet, Table 1.2 shows that
than 10% of the time. Conversely, when the       50% of the noise energy must be removed to
L50 and LI0 noise levels are known for a          obtain a hardly perceptible 3 dB reduction,
given traffic condition, the speech communi-      90% of the noise energy must be removed to
cation conditions can be estimated from Table    obtain a i0 dB reduction, and, extrapolating
1.7. Although the data were derived for the     beyond the table limits, 99% of the noise
frequency distribution of auto noise, the         energy must be removed to achieve a 20 dB

" findinqs are reasonably applicable to truck       noise reduction. This emphasizes the im-
noise spectra also. Of course, trucks will       mensity of the problem; yet, subjectively a
typically make more noise and make conversa-      20 dB quieter sound seems to be only one-
tion more difficult, as the table shows,           fourth the loudness of the original sound,

as heard by the listeners.
The quality of te~Lephone usage can also be
approximated in terms of essentially steady-      ~*�ommunity Noise -- Surface Transportation" by
state interfering noise. This is summarized       G.J. Thiessen and N. Olson, Sound and Vibra-
briefly in Table 1.8.                                    tion magazine, April 1968. Highlights of

this work are summarized on page 27 of
NCHRP Report 117.
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d) Recommended Noise Criteria and PPM 90-2               to "sound-proof" structures. Situations
.~si@n Noise Levels                                        of this kind may be considered on a case

by case basis when they involve such
In summary of the above factors and of many              public or non-profit institutional
other comprehensive studies on background                structures as schools, churches,
noises in comalunities and intruding noises               libraries, hospitals, and auditoriums.
in communities, a table of recommended design           Proposals of this type, together with
criteria is given in NCHRP Report 117. Table            the State’s recommendation for approval,
ii on page 30 of NCHRP Report 117 is repro-              shall be submitted to FHWA for consid-
duced here as Table 1.9. The inside and out-            eration."
side noise levels listed in Table 1.9 are
intended as desirable goals for noise con-         Some of the introductory material earlier in
trol, but the achievement of these goals may      this chapter and much of the analysis detail
be technically difficult and economically          to follow in later chapters are aimed at
unfeasible in some situations,                          helping the highway engineer design and

evaluate some of these noise abatement trea -
The design noise levels advanced in PPM 90-2      ments.
are reproduced here in Table 1.10. In sup-
port of these design noise levels, Paragragh
5.a. (7) of PPM 90-2 states:                            e) Noise-lnduced Hear~n~ ~ama~e

"Incorporation of Noise Abatement Mea-        The Walsh-Healey Public Contracts Act of 1969
sures zn Plans and Specifications.             and the Occupational Safety and Health Act

of 1970 ("OSHA") establish the following
For those projects to which the stan-          maximum permissible noise exposures for
dards apply, the plans and specifica-         persons working in noise environments:
tions for the highway section shall
incorporate noise abatement measures                  Duration per               Sound level
to attain the design noise levels in                   day, hours                     dBA
the standards, except where an exception             8                                90
has been granted." [Procedures for                   6                                 92
requesting exceptions are listed in the               4                                   95
Standard and its Appendix.]                               3                                  97

2                       ioo
Although it represents a digression from the              1-1/2                          102
discussion of human response to noise, the                  1                                 105
following excerpt is added to illustrate the               1/2                               ii0
extent to which the FHWA intends to pursue                 1/4 or less                   115
noise control in order to try to satisfy
highway neighbor needs. Paragraph 5.b. of
PPM 90-2 outlines the types of noise abate-        Uninformed people sometimes interpret this to
ment treatments that are considered to fall        mean that any noise level above 90 dBA will
within the scope of this Standard:                   cause loss of hearing, regardless of exposure

time. It is essential that people or groups
’°(i) Shifts in alignment and grade are       concerned with noise and noise control under-
design measures which can be used to           stand the full implication of this table.
reduce noise impacts. The following          The table is intended to apply to industrial
noise abatement measures may also be          areas and workers and it is intended to pro-
incorporated in a project to reduce            tect the hearing of people exposed on a daily
hlghway-generated noise impacts. The         basis for these noise levels and durations
costs of such measures may be included        over a life-time of employment. To experience
in project costs,                                  continuous 90 dBA noise levels from highway

traffic, one would have to stand approximately
(a~ The acquisition of property rights     10-20 ft from a highway lane carrying approxi-
(either in fee or a lesser interest)        mately 1000 trucks per hour. To approach the
for providing buffer zones or for           OSHA exposure limits, one should then remain
installation or construction of noise      there beside the highway for 8 hrs per day
abatement barriers or devices,               on a daily basis for many years. This is a

rather unrealistic situation. There is a
(b) The installation or construction       strong possibility that the OSHA table of
of noise barriers or devices, whether      values will be reduced by 5 dBA in future
within the highway right-of-way or on      legislation in order to provide greater hear-
an easement obtained for that purpose,     ing protection for people exposed to noise.

Even with this reduction it is unlikely that
(2) In some specific cases there may be     residents near a highway are receiving hearing
compelling reasons to consider measures      damage due to traffic noise.
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1.17 DESCRIPTORS OF NOISE

several procedures have been devised by vari-     After considering all of these noise evalua-
ous acousticians to rate noises. "Sones" and     tion procedures, it was finally determined by
"phons" are units used for expressing loud-       the FHWA and interested associated groups
heSS and loudness level of sounds. "Per-          that the LI0 and L50 noise levels would be
ceived noise levels", expressed in PNdB and       used as the prlnci~l noise descriptors for
using "noys" as units of relative noisiness,      highway design. The LI0 values provide an
were first developed as a rating scheme for       indication of the noisiest portion of highway
comparison of the subjective noisiness of          traffic and they represent an approximate
jet aircraft and propeller aircraft. "NC"         indicator of noise level fluctuations as a
curves (Noise Criteria curves) represent           factor in annoyance. The L50 values are used
a family of curves that can be used to de-         in the procedure for arriving at the L10
scribe the relative levels and frequency            values.
distribution of noise in buildings that is
considered acceptable for various functional

..~ uses of the buildings. These various
descriptors of noise have specific applica-       In the next chapter, Chapter 2, information
tions, and they probably could be adapted to      will be summarized on the noise character-
use as indicators of traffic noise. As             istics of automobiles and trucks, leading
stated earlier, however, A-scale noise levels     to the use of LI0 values as an indicator
.and subjective judgements of noise have been      of highway noise. In Chapter 3, noise
tested many times and found to give adequate      measurements will be discussed and a pro-
correlation,                                               cedure will be given for obtaining a simple

manually-read determination of LI0 levelsBecause traffic noise contains fluctuations        for traffic and community background noise’.
in noise levels and therefore the levels must
be studied on a somewhat statistical basis,
several attempts have been made to inter-
relate various percentile collections of
noise levels to arrive at a reliable indi-
cator of the disturbance or annoyance of
noise. Noise levels, such as L99", Lg0, L50,

Lenergy mean’ LI0 and L1 have been tried in
various combinations. TNI (Traffic Noise
Index) represents one approach and NPL (Noise
Pollution Level) represents another method of     *L99 = noise level exceeded 99% of the time.
combining these statistical levels. NPL is        Other levels Lg0, L50, etc. have similar
of special interest because it suggests that
annoyance of noise is related to both the          meanings in terms of percentage distribution
energy mean of the noise and some measure of      of the noise levels, usually expressed in
the fluctuations ~f noise,                             dBA or some other applicable unit.
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FIGURE 1.3                                                                                 FIGURE 1.4

CALCULATED A-SCALE SOUND LEVELS AT OBSERVER POINTS                                                       CALCULATED A-SCALE SOUND LEVELS AT OBSERVER POINTS
A, B, C, D, AND E FOR SOUND SOURCE AT POINT I.                                                                  A, B, C, D, AIID E FOR 3 SOUND SOURCES EQUALLY SPACED
SOURCE PRODUCES SOUND LEVEL OF 80 dBA AT 50 FT                                                                 AT 400 FT It~TERVALS ALONG A{~ 800 FT SOURCE LIME.
DISTANCE.                                                                                                                                                               EACH SOURCE PRODUCES SOUND LEVEL OF 80 dBA AT 50 FT

DISTANCE

Source Line,
2 800 ft Long 3

~ ~03 ft

:~ ~t
50 ftA 50 ft

�

B lO0 ft X~’a- F~’ ~B 10Oft ~

~ C ZOO ft ~ 200 ft ~

NOT TO SCALE ~.° ~== NOT TO SCALE

= D 400 ft 400 ft

E 800 ft E 800 ft

Total Difference~ Sound Level Contributions Total Dlfference~
Sound Level Drop-off Rate Source I Source 2 Source 3 Sound Level Droll-Off Rate

Point (dBA) (dBA/DD) Point (From Fig. 1.3) (dBA) (dBA} (dBA) (dBA/DD)

A               80                                                           A           80.0             61.9        61.9          80.2
6.0                                                                                           ~ 5.7

B 74 -’-"-’- B 74.0 61.7 61.7 74.5 ~

68 C 68.0 61.0 61.0 69.5
~ 6.0 ~ 4.5~ D 62.0 59.0 59.0 65.0D 62

E 56 E 56.0 55.0 55.0 60.1



FIGURE 1.6
FIGURE 1.5                                                                                                                               CALCULATED A-SCALE SOUND LEVELS AT OBSERVER POINTS

CALCULATED A-SCALE SOUND LEVELS AT OBSERVER POIP~TS                                                                              A, B, C, D, AND E FOR g SOUND SOURCES EQUALLY
A, B, C, D, AND E FOR 5 SOUND SOURCES EQUALLY SPACED                                    SPACED AT 100 FT INTERVALS ALONG AN BOO FT SOURCE
AT 200 FT INTERVALS ALOI{G AN 800 FT SOURCE LINE.                                                                                    LINE.      EACH SOURCE PRODUCES SOUND LEVEL OF 80 dBA
EACH SOURCE PRODUCES SOUND LEVEL OF 80 dBA AT 50 FT                                      AT 50 FT DISTANCE.
DISTANCE

o, ¯ ¯ ~

800 ft Long F h’~ --~ Source Line,50 ft 200 ft Spacing BOO ft Long 1DO ft Spacing
~"

~ Between Sources A 50 ft    Between Sources

~’~B~.      ~oo ft ~

~
200 ft ~~ --                                                  ~ C200 ft

~oo ~ ~ ~
o

~ D
400 ft

NOT TO SCALE

E 800 ft NOT TO SCALE

E 800 ft " ’

Sound Level Contributions Total Difference, Total Difference,
SOurces I-3 Source 4 Source 5 Sound Level Drop-Off Rate Sound Level Drop-off Rate

Point (From Fig. I.~) (dBA) (dBA) (dBA) (dBA/DD) Poin~ (dBA) (dBA/DD)

A            82.1 ~
A           80.2             67.7       67.7          80.6 ~ 4.8                                                                     3.8

B 74.5 67.0 67.0 75.8 / B 78.3
~ 4.1

C 74.6 ~ 3.7

o ,,.o o
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FIGURE 1.7 FIGURE 1.8

CALCULATEO A-SCALE SOUND LEVELS AT OBSERVER POINTS CALCULATED A-SCALE SOUND LEVELS AT OBSERVER POINTS
A, B, C, D, AND E FOR 17 SOUND SOURCES EQUALLY A, B, C, D, AND E FOR 21 SOUND SOURCES EQUALLY
SPACED AT 50 FT INTERVALS ALONG AN 800 FT SOURCE SPACED AT 100 FT iNTERVALS ALONG A 2000 FT SOURCE
LINE. EACH SOURCE. PRODUCESSOUND LEVEL OF 80 dBA LINE. EACH SOURCE PRODUCES SOUND LEVEL OF 80 dBA
AT 50 FT DISTANCE. AT 50 FT DISTANCE.

2000 ft Long 100 ft SpacingBOO ft Long A 50 ft 50 ft Spacing A 50 ft
Between Sources Between Sources

B 100 ft u~ B 100 ft

~ C 200 ft ~ C 200 ft

~ NOT TO SCALE ~

~ D 400 ft ~                                                                  ~ D400 ft

E 800 ft E 800 ft

Total Difference, Total Difference,
Sound Level Drop-off Rate Sound Level Drop-off Rate

Point (dBA) (dBA/OD} Point (dBA) (dBA/DD}

A B2.4 ~A 84.6
.~ 3.3 3.6

B : 81.3 ~ B 78.8 -~

3.4

3.6
D        73.0 "/ 4.4                                     D        71.8 /-

4.4
E        67.7 "/ 5.3                                       E        67.4 /
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FIGURE 1.9

CALCULATED A-SCALE SOUI~D LEVELS AT OBSERVER POINTS
A, B, C, D, AND E FOR 41 SOUND SOURCES EQUALLY
SPACED AT 100 FT    INTERVALS ALONG A 4000-FT SOURCE
LINE.      EACH SOURCE PRODUCES SOUND LEVEL OF 80 dBA
AT 50 FT DISTANCE.

Source Line,4000 ft Long : : : : : : ~ m e : : : : : :: : : = = : T : = : : : : : : = = ~ :~’-~ : : : : :

At    50 ft                       100 ft Spacing

Between Sources
B T 100 ft

C 200 ft

I

E 800 ft
’"

Sound Level Contributions (dBA)
Group "a" Group "b" Group "c" Group "d"
Central 9 Next 10 Next 10 Next 12 Total Difference,
Sources, Sources, Sources, Sources, Sound Drop-Off
Within 400 ft 500-900 ft 1000-1400 ft 1500-2000 ft Level Rate/DD

Point of Center from Center from Center from Center (dBA1 IdBA)

A             82.1               67.6              62.2               59.0             82.3 ~
3.5

B             78.3               67.4              62.2               59.0             18.8 ~
3.1

C 74.6 67.2 62.1 58.9 75.7

~ 3.5
D 70.2 66.1 61.7 58.7 72.2

3~8
E 65.0 63.4 60.3 57.8 68.4



FIGURE 1.10
PROCEDURE FOR ESTIMATING PATH LENGTH DIFFERENCE AND SOUND AI"I’ENUATION

FOR A SIMPLE SOUND BARRIER

I. Construct the two-dimensional plot as indicated by the sketch above.
Determine the distances R, D, and H in feet.

2. If the user is familiar with taking square roots, the total path
length difference can be determined directly from:

6 = (/R~+H2 + /D~+H~) - (R+D)

3. If the user cannot readily determine these square roots, use the
following procedure.

a. Determine H/R and H/D: H/R = ; H/D =

b. If H/R is between 0.0 and 0.20:

~R = 1/2 H2/R = i/2 / = __ ft.

If H/D is between 0.0 and 0.20: ~

6D = 1/2 H2/D = 1/2 / = __ ft.

Then 6 = 6R +’6D = + = __ ft.

c. If H/R or H/D is greater than 0.20, refer to chart A on the
following page:

(i) Enter graph at left axis with value of H/R or H/D;

(2) Move horizontally to the right across the chart to the curve;

(3) Drop vertically from that point of the curve to the axis at
the bottom of the chart, and read the value of M (the multi-
plier).

(4) The partial path difference 6R or 6D is determined by
multiplying M by the value of R or D in feet. Thus,

6R = MR; 6D = MD
(This procedure is first followed to obtain 6R, using its

value of M and R, and is then repeated to obtain 6D, using
its value of M and D. Each 6 may have a different M value.)

d. Add 6R and 6D to obtain the total 6 in feet.

4. With the total path length difference ~ from steps 2 or 3 above,

a. Enter chart B on the following page with the value of 6 at the
bottom axis of the graph;

b. Move vertically up from that point to the curve;

c. Now, move horizontally to the left across the chart to the left-
hand axis, and read the value of Barrier Attenuation in dBA.

Note: It .is current practice, as recommended by NCHRP Report 117, to use
a 15 dBA maximum value for automobile traffic and a i0 dBA maxi-
mum value for truck traffic as the barrier attenuation in traffic
noise analyses, because of various atmospheric, geometric, and
environmental limitations on many practical barrier designs.
This should not be construed, however, to mean that a barrier
should be designed to only achieve these design values. Many
good barriers can be more effective than these limitations imply.
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FIGURE Io10 (CONTINUED)
CHARTS A AND B USED FOR ESTIMATING PATH LENGTH DIFFERENCE AND

SOUND A’nENUATION FOR A SIMPLE SOUND BARRIER

0.9-

"

0.02 0.03 0.04 0.06 0.080.10 0.14 0.~0 0.30 0.40 0.60

20 ’

O.O1 0.02     0.05    O. 1    O.2       0.5       l         2           5       10      20        50

PATH LENGTH DIFFERENCE 8 (FT]
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TABLE 1.1

RULES FOR COMBINING SOUND LEVELS BY "DECIBEL ADDITION"

A. For noise levels known or desired to an accuracy of ±i
decibel:

Add the following
When two decibel          amount to the
values, differ by           higher value

0 or 1 dB                     3 dB
2 or 3 dB                   2 dB
4 to 9 dB                   1 dB

10 dB or more                0 dB

B. For noise levels known or desired to an accuracy of ±½
decibel:

Add the following
When two decibel amount to the
values differ by higher value

0 or ~ dB 3 dB
1 or 1% dB 2% dB
2 to 3 dB 2 dB
3% to 4% dB 1% dB
5 to 7 dB 1 dB
7~ to 12 dB ½ dB

13 dB or more 0 dB

(For greater accuracy, refer to chart in Figure i.I)
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TABLE 1.2

DECIBEL EQUIVALENTS OF NUMBERS

i0 log N 10 log N i0 log N
N (dB) N (dB) N (dB)

.i0 -10 2.24 3.5 250 24

.112 - 9.5 2.51 4 320 25

.126 - 9 2.82 4.5 400 26

.141 - 8.5 3.16 5 500 27

.158 - 8 3.55 5.5 630 28
¯                  .178          - 7.5              3.98             6                      800             29

.200 - 7 4.47 6.5 1,000 30

.224 - 6.5 5.01 7 1,250 31

.251 - 6 5.62 7.5 1,600 32

.282 - 5.5 6.31 8 2,000 33

.316 - 5 7.08 8.5 2,500 34

.355 - 4.5 7.94 9 3,200 35

.398 - 4 8.91 9.5 4,000 36

.447 - 3.5 10 i0 5,000 37

.501 - 3 !2 Ii 6,300 38

.562 - 2.5 16 12 8,000 39

.631 - 2 20 13 i0,000 40

.708 - 1.5 25 14 12,500 41

.794 - 1 32 15 16,000 42

.891 - 0.5 40 16 20,000 43
1.000 0.0 50 17 25,000 44
1.12 0.5 63 18 32,000 45
1.26 1 80 19 40,000 46
1.41 1.5 I00 20 50,000 47
1.58 2 125 21 63,000 48
1.78 2.5 160 22 80,000 49
2.00 .~, 200 23 I00,000 50

Note: By simply remembering the relationship that,

i0 log 1     = 0 dB~
I0 log 1.25 = 1 dB
10 log 1.6 = 2 dB
i0 log 2    = 3 dB

the above table can be extended up or down to get "10 log" of
any number desired. Note the simple sequence: for each doubling
of a quantity, there is an increase of 3 dB for "i0 log" of that
quantity, or each time a quantity is changed by a factor of i0,
there is a change of 10 dB for "I0 log" of that quantity.
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TABLE 1.3

REDUCTION OF A-SCALE SOUND LEVEL AT VARIOUS DISTANCES FROM A
VEHICULAR "POINT SOURCE".      RELATIVE TO 50 FT DISTANCE, USINGTHE
DROP-OFF RATE OF 6 dBA PER DOUBLE DISTANCE

for for
D>IO00 D>2000

DISTANCE REDUCTION DISTANCE REDUCTION DISTANCE REDUCTION
(ft) (dBA) (ft) (dBA) (ft) (dBA)

50 0 237 13.5 1,100 27
53 0.5 251 14 ~ 1,150 27.5
56 1 266 14.5 1,210 28
60 1.5 282 15 1,270 28.5
63 2 299 15.~5 1,330 29
67 2.5 316 16 1,400 29.5
71 3 335 16.5 1,470 30
75 3.5 355 17 1,540 30.5
79 4 376 17.5 1,610 31
84 4.5 398 18 1,690 31.5
89 5 422 18.5 1,770 32
94 5.5 447 19 1,850 32.5

i00 6 473 19.5 1,930 33
106 6.5 500 20 2,010 33.5
112 7 531 20.5 2,090 34
119 7.5 562 21 2,170 34.5
126 8 596 21.5 2,250 35
133 8.5 631 22 2,330 35.5
141 9 668 22.5 2,420 36
150 9.5 708 23 2,510 36.5
158 i0 750 23.5 2,600 37
168 10.5 794 24 2,690 37.5
178 ii 841 24.5 2,780 38
188 11.5 891 25 2,870 38.5
200 12 944" 25.5 2,960 39
211 12.5 1,000 26 3,050 39.5
224 13 1,050 26.5 3,140 40
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TABLE 1.4

REDUCTION OF A-SCALE SOUND LEVEL AT VARIOUS DISTANCES FROM A
VEHICULAR "LINE SOURCE," RELATIVE TO 50 FT DISTANCE, USING THE
DROP-OFF RATE OF 3.0 dBA PER DOUBLE DISTANCE

for for
D>I000 D>2000

DISTANCE REDUCTION DISTANCE REDUCTION DISTANCE REDUCTION
(ft) (dBA) (ft) (dBA) (ft) (dBA)

50 0 398 9 2,340 18.5
56 0.5 447 9.5 2,480 19
63 1 500 i0 2,630 19.5
71 1.5 562 10.5 2,780 20
79 2 , 631 ii 2,930 20~5
89 2.5 708 11.5 3,080 21

I00 3 794 12 3,230 21.5
112 3.5 891 12.5 3,380 22
126 4 1,000 13 3,530 22.5
141 4.5 I,i00 13.5 3,690 23
158 5 1,200 14 3,850 23.5
178 5.5 1,310 ~.5 4,010 24
200 6 1,420 15 4,170 24.5
224 6.5 1,540 15.5 4,330 25
251 7 1,660 16 4,490 25.5
282 7.5 1,790 16.5 4,660 26
316 8 1,920 17 4,830 26.5
355 8.5 2,060 17.5. 5,000 27

2,200 18
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TABLE 1.5

REDUCTION OF A-SCALE SOUND LEVEL AT VARIOUS DISTANCES FROM A
VEHICULAR "LINE SOURCE," RELATIVE TO 50 FT DISTANCE, USING THE
DROP-OFF RATE OF 4.5 dBA PER DOUBLE DISTANCE

for for
D>IO00 D>2000

DISTANCE REDUCTION DISTANCE REDUCTION DISTANCE ~ REDUCTION
(ft) (dBA) (ft) (dBA) (ft) (dBA)

50 0 316 12 1,670 23.5
54 0.5 339 ’ 12.5 1,770 24
58 1 367 13 1,880 24.5
63 1.5 397 13.5 2,000 25
68 2 428 14 2,090 ¯ 25.5
74 2.5 463 14.5 2,190 26
80 3 499 15 2,290 26.5
86 3.5 538 15.5 2 , 400 27
93 4 582 16 2,500 27.5

i00 4.5 629 16.5 2,610 28
108 5 676 17 2,720 28.5
117 5.5 731 17.5 2,840 29
126 6 790 18 2,960 29.5
136 6.5 847 18.5 3,080 30
147 7 922 19 3,200 30.5
158 7.5 998 19.5 3,330 31
170 8 1,070 20 3,460 31.5
184 8.5 1,140 20.5 3,590 32
199 9 1,215 21 3,730 32 . 5
215 9.5 1,290 21.5 3,860 33
233 10 1,380 22 3,990 33.5
251 i0.5 i, 470 22.5 4,130 34
270 II 1,570 23 4,270 34.5
292 ]_1.5 4,410 35

1-34

C--108378
C-108378



TABLE 1.6

NOISE REDUCTION PROVIDED BY A BUILDING (FROM PPM 90-2)

NOISE REDUCTION
DUE TO BUILDING

BUILDING TYPE            WINDOW CONDITION            STRUCTURE (dBA)

All                        Open                                   10"
Light Frame              Ordinary Sash

Closed                              20
With Storm Windows              25

Masonry Single Glazed                        25
Double Glazed                        35

*APPROXIMATE NOISE REDUCTION OF EXTERIOR WALL HAVING VARIOUS OPEN-
WINDOW AREAS (This portion not in PPM 90-2)

PERCENT OF EXTERIOR WALL             APPROXIMATE
HAVING OPEN WINDOWS                NOISE REDUCTION

1%                         17 dBA
2%                        14 dBA
4%                       ii dBA
8%                        8 dBA

16%                        5 dBA
32%                          2 dBA
50%                         0 dBA

TABLE 1.7

A. MAXIMUM L50 A-SCALE NOISE LEVELS THAT WILL PERMIT ACCEPTABLE
SPEECH COMMUNICATION FOR VOICE LEVELS AND LISTENER DISTANCES SHOWN

VOICE LEVEL*
DISTANCE VERY

(ft) LOW NOPLMA~ RAISED LOUD
1 60 dBA 66 dBA 72 dBA 78 dBA
2 54 dBA 60 dBA 66 dBA 72 dBA
3 50 dBA 56 dBA 62 dBA 68 dBA
4 48 dBA 54 dBA 60 dBA 66 dBA
5 46 dBA 52 dBA 58 dBA 64 dBA
6 44 dBA 50 dBA 56 dBA 62 dBA

12 38 dBA 44 dBA 50 dBA 56 dBA

B. MAXIMUM LIO A-SCALE NOISE LEVELS THAT WILL PERMIT BARELY ACCEPTABLE
SPEECH COMMUNICATION FOR VOICE LEVELS AND LISTENER DISTANCES SHDWN

VOICE LEVEL*
DISTANCE VERY

(ft) LOW NORMAL RAISED LOUD
1 66 dBA 72 dBA 78 dBA 84 dBA
2 60 dBA 66 dBA 72 dBA 78 dBA
3 56 dBA 62 dBA 68 dBA 74 dBA
4 54 dBA 60 dBA 66 dBA 72 dBA
5 52 dBA 58 dBA 64 dBA 70 dBA
6 50 dBA 56 dBA 62 dBA 68 dBA

12 44 dBA 50 dBA 56 dBA 62 dBA

*Based on men’s voices, standing face-to-face outdoors.

1-35

C--108379
C-108379



TABLE 1.8

QUALITY OF TELEPHONE USAGE IN THE PRESENC~ OF STEADY-STATE
INTERFERING NOISE

NOISE LEVEL TELEPHONE
(dBA) USAGE

30-50 Satisfactory
50-65 Slightly Difficult
65-75 Difficult
Above 75 Unsatisfactory

TABLE 1.9

RECOMMENDED DESIGN CRITERIA AS TAKEN FROM NCHRP REPORT 117

OBSERVER                                      L50 (dBA)     LI0 (dBA)
CATEGORY          STRUCTURE             LOCATION     DAY    NIGHT    DAY    NIGHT

1        Residences                 Inside*      45       40       51       46
2       Residences                Outside*    50      45      56      51
3       Schools                    Inside*      40      40      46      46
4        Schools                     Outside*     55       --       61       --
5        Churches                    Inside       35       35       41       41
6        Hospitals,                  Inside       40       35       46       41
7          convalescent homes Outside      50      45      56      51
8        Offices:

Stenographic Inside       50       50       56       56
Private Inside       40      40      46      46

9       Theaters:
Movies Inside       4D       40       46       46
Legitimate Inside       30      30      36      36

10        Hotels, motels            Inside       50       45       56       51

*Either inside or .outside design criteria can be used, depending on the
utility being evaluated.                                                                                        ."~

TABLE i.i0

DESIGN NOISE LEVELS AND LAND USE RELATIONSHIPS SPECIFIED IN PPM 90-2
(TABLE I OF APPENDIX B)

LAND USE DESIGN NOISE
CATEGORY    LEVEL - LI0    DESCRIPTION OF LAND USE CATEGORY

A           6~ dBA      Tracts of lands in which serenity and quiet are
(Exterior)    of extraordinary significance and serve an import-

~nd public need, and where the preservation of
those qualities is essential if the area is to
continue to serve its intended purpose. Such
areas could include amphitheaters, particular
parks or portions of parks, or open spaces which
are dedicated or recognized by appropriate local
officials for activities requiring special quali-
ties of serenity and quiet.

B           70 dBA      Residences, motels, hotels, public meeting rooms,
(Exterior)    schools, churches, libraries, hospitals, picnic

areas, recreation areas, playgrounds, active
sports areas, and parks.

C           75 dBA      Develope~ lands, properties or activities not
(Exterior)    included in categories A and B above.

D             --           For requirements on undeveloped lands see para-
graphs 5a(5) and (6), this PPM.

E*          55 dBA      Residences, motels, hotels, public meeting rooms,
(Interior)    schools, churches, libraries, hospitals, and

auditoriums.

* See Paraqraph Ic of Appendix B of PPM 90-2 for method of applica-
tion. Partial quotation from Paragraph Ic: "The interior design
noise level in Cateqory E applies to indoor activities for those
situations where no exterior no~se sensitive land use or activity
is Ident~fled."
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CHAPTER 1      HOMEWORK PROBLEMS

i. Determine the sum of the following sound levels by
"decibel addition" to an accuracy of + 1 dB:

a. 86 dB               b. 81 dB               c. 90 dB
89 ~B                   81 dB                   76 dB
72 dB                   81 dB                   78 dB
77 dB                                     80 dB

Ans.         dB                      dB                         dB

2. Determine the sum of the following sound levels by
"decibel addition" to an accuracy of + 1/2 dB:

a. 81 dB               b. 76 dB               c. 89 dB
78 dB                   59 dB                   89 dB
73 dB                   35 dB~                  89 dB

69 dB
73 dB

Ans.         dB                       dB                          dB

3. Determine the sum of the following sound levels by decibel
"~dition" to an accuracy of + .i dB. Check the answer by
comparing with the sum obtained by’using both parts of
Table i.i.

a. 88 dB               b. 75 dB                  c. 81 dB
92 dB                     75 dB                       86 dB
90 dB                     75 dB                       73 dB
84 dB                                    90 dB

Ans.~ dB (~ .i)             dB                  ~ dB

~ dB (~ 1/2)          dB                    dB

__ dB (~ i)      __ dB               __ dB

4. Suppose the noise level from one noise source (assume a
"point source") is 56 dB at a certain distance away. Now,
suppose that 16 of those same noise sources were turned on
at the same location as the first source. What noise level
would you expect at the same distance.away?

Ans.         dB

1-37

C--1 08381
C-108381



5. Suppose highway traffic produces an average noise level
of 64 dB at a certain position from the road for a traffic
flow of 2000 vehicles per hour. What noise level could be
expected for the various rates of flow listed below,
assuming the same general type of traffic?

’Ans. 5000 vehicles per hour                    dB

1800 vehicles per hour                     dB

600 vehicles per hour                    dB

6. Suppose the octave band sound pressure levels of an auto
horn are as listed below. Find the overall sound level and
the A-scale sound level for the horn (~ 1 dB accuracy is
adequate)

Octave Frequency Sound Pressure
Band (Hz)        Level (dB)

63                   44
125                   58
250                    70
5.00                    78

i000                   86
2000                   81
4000                   72
8000                   56

Ans.          dB overall,         dBA

7. Suppose the octave band sound pressure levels of a truck
are as listed below. Find the overall sound level and the
A-scale sound level for the truck (+ 1 dB accuracy is ade-
quate).

Octave Frequency Sound Pressure
Band (Hz)        Level (dB)

31            74
63                   90

125                   89
250                   84
500                   82

1000                   80
2000                   74
4000            72
8000                   65

Ans.          dB overall,          dBA
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8. ~uppose the A-scale sound level of a barking dog is
about 76 dBA. Make a guess at the overall sound level of
the barking dog.

Ans.         dB overall

9. Suppose the A-scale sound level of a large propeller-driven
commercial aircraft is about 76 dBA. Make a guess et the
overall sound level of the aircraft.

Ans.         dB overall

i0. A building located near a road is 22 ft high. How high is
this building in terms of wavelengths of sound?

at    50 Hz             Ans.          (wavelength)

at 500 Hz

at 5000 Hz

ll. Suppose a single automobile produces a sound level of 65 dBA
at 50 ft distance. ~lhat would its sound level be at the
following distances, assuming good sound propagating atmos-
pheric conditions?

at 200 ft           Ans.         dBA

at 500 ft                      dBA

at i000 ft                   dBA

at 2000 ft                   dBA

12. Suppose the noise level of a passing truck is found to be
80 eBA when measured at a distance of 100 ft. What would
be the A-scale sound level of that truck at 50 ft distance?

Ans.         dBA

13. Suppose the sound level of a bus is found to be 76 dBA at
160 ft distance. What would be its A-scale sound level at
800 ft distance?

Ans.         dBA
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14. A continuous flow of traffic is found to produce an
average noise level of 80 dBA at the reference 50 ft
distance. For a drop-off rate of 4.5 dBA/DD, what average
A-scale sound level would be expected at 800 ft distance?
What sound level would be expected for a 3 dBA/DD drop-
off rate?

Ans. dBA for 4.5 dBA/DD

dBA for 3 dBA/DD

15. Suppose a continuous flow of traffic produces an average
noise level of 72 dB~ in the backyards of a row of houses
having unobstructed view of the roadway. The distance
from th~ yards to the center of the main traffic lane is
125 ft. The houses average 60-70 ft width and they are
located on 100-ft width lots. What average noise level
might be expected at a 400 ft distance from the roadway,
with the row of houses acting as a partial barrier. Use
Table 1.4 for "cylindrical spreading" of sound, i.e.
3 dBA drop-off/double distance.

Ans.         dBA

16. Estimate the A-scale noise reduction provided by a solid
barrier wall for noise from a single source for the
dimensions: R = 60, D = 200, H = 4

Ans.          dBA

17. Suppose the average noise level produced at a 400 ft
distance from an existing highway is about 72 dBA. The
highway now handles about 1200 vehicles per hour. Follow-
ing a proposed improvement program, it is expected that
the highway traffic will increase to 3200 vehicles per
hour. Assuming 3 dBA drop-off per double distance, at
what distance from the improved highway will the 72 dBA
level apply.

Ans.         ft

18. A school building is located 300 ft from a highway and has
unobstructed view 6f the nearest several hundred feet of
the roadway. Typical truck passages produce peak levels
of about 70-75 dBA and steady-state auto noise produces
average levels of about 60-63 dBA just outside the school
building. Will this noise interfere with normal class-
room speech communication if the classroom windows are
open?    Ans.             Can normal classroom speech com-
munication take place if the classroom windows are closed?
Ans.            .
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19. If the L,0 noise level of Problem 18 is approximately
72 dBA outside the school, will the classroom meet the
exterior and interior Design Noise Levels given in
PPM 90-2?

Ans.          (exterior)

(interior, windows open)

(interior, windows closed)

20. A large number of residences located at 250 ft distance
along an existing highway now receive average nighttime noise
levels of 68 dBA. Future traffic is expected to quadruple
the present traffic. The present neighbors are already
unhaopy with the 68 dBA noise levels. The future noise
will expose still more people to 68 dBA or higher. If
nothing is done about the increased noise, how far from
the road will the 68 dBA levels be heard for the increased
traffic condition, assuming 3 dBA/DD drop-off and assuming
that the houses are far enough apart that they do not pro-
vide any appreciable barrier effect.

Ans.         ft
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CHAPTER 2

TRAFFIC NOISE SOURCES

In this chapter, noise level data are given        (relative to situations having comparable
for typical single automobiles and trucks,         values of Ls0 but higher values of
including the factors that influence noise         Thus, both the L~0 and the (L,0-Ls0) values
output: speed, acceleration, grade, and             are important in evaluating the total
roadway surface. The three major compon-          impact of highway noise and noise control.

¯          ents of vehicular noise (engine noise, exhaust    ~n this chapter, the L,a and Ls0 levels
noise, an~ tire noise) and their height             are introduced by considerinq idealized
above the road surface are also discussed,         lines of moving vehicles and by noting the
Then, it is shown that traffic quantity and       influence of traffic quantity and observer
distance to the roadway influence both              distance on the L~ and Lso noise levels
the noise levels and the variation in              and noise level differences.
noise levels as heard at an observer posi-
tion near the road.

2.1 NOISE EMISSION LEVEL
The radiated noise from a highway is charac-
terized statistically by the median noise          In Chapter 1 it is indicated that 50 ft is
level (Ls0) and by an indicator of the             the measurement distance used for many
degree of fluctuations in the noise level          traffic noise measurements and that 50 ft
(L~-L~0). These levels in combination             is used as a reference distance from which
provide a means for describing highway             noise levels can be extrapolated to other
noise as heard and judged by the highway           distances. For example, Tables 1.3, 1.4
neighbor. In a very general sense, the            and 1.5 provide noise level reductions
L~ noise level is a statistical value that       starting from the 50 ft reference distance.
is somewhat representative of near-average         This distance is in qeneral use as the
noise and the L~a noise level is a statis-        reference distance for highway noise evalua-
tical value that is somewhat representative       Lions. Hence, the A-scale noise level of a
of near-peak noise. It has been determined       vehicle at this reference 50 ft distance is
that noises with large variations in level        defined as the "Noise Emission Level." This
are considered more disagreeable than noises     term and the 50-ft reference distance will
of fairly constant level. Since the                be used in this text, unless specifically
(L~0-Ls~% value represents a statistical           stated otherwise.
measure of the degree of noise level fluc-
tuations, it becomes an indicator of the
potential annoyance of the noise. For             2.2 NOISE EMISSION LEVEL OF AUTOMOBILES
noises with considerable variation in level,
the L~Q value will be higher than the Ls0          The noise emission level (dBA at 50 ft
value by several decibels, and. the (L~o-Ls0)      distance) of a typical passenger auto-
value will be relatively large. Highway          mobile on an average roadway surface is
traffic that consists of a fairly steady           found in NCHRP Report 78 to be
flow of automobiles, but interspersed with
occasional trucks, may produce relatively                Lauto = 16 + 30 log V
large values of (LI~-Ls~). In this case,
the trucks essentially produce the near-          where V is the auto speed in miles per hour
peak LI~ values while the autos produce            (mph). This yields the following sound
the near-average Lso values. The trucks           levels (rounded off to the nearest integer
are clearly identifiable because their              over a range of typical speeds:
noise stands out in sharp contrast abov~
the lower steady-state noise of the                         at 30 mph      60 dBA
automobiles.                                                          40 mph      64 dBA

50 mph      67 dBA
On the other hand, when the (L,~-LsQ)                             60 mph      69 dBA
value is quite low, it means that the                           70 mph      71 dBA
noise levels of the peak events (L~) are
comparable to the noise levels of the              The octave band frequency spectrum of this

typical automobile is shown by the solidsteady-state flow (Ls0). Under these              curve of Figure 2.1 for the conditions of
conditions, the discrete truck passages
are not so noticeable, and the total noise        50 ft distance and 50 mph. The spectrum
may not be considered as objectionable             8~pe does not vary significantly for the
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speed range of 35-65 mph, although, of             are used extensively in the TSC Computer
course, the noise level changes with speed       Program. His findings on passenger auto-
as indicated. The spectrum shape does           mobiles are summarized in Figure 2.2. The
change slightly as a function of road sur-       spectrum shape changes only slightly over
face.                                                       the speed range of 30-69 mph. The sound

level change with speed appears to be about
If the total noise of the typical auto            3 dB/10 mph going from 35 to 45 mph,
(the solid curve of Figure 2.1) were passed      4.5 dB/10 mph going from 45 to 55 mph, and
through the A-scale filter of a sound level     1.5 dB/10 mph going from 55 to 65 mph. The
meter, the resulting octave band contribu-       distribution of automobile types in this
tions would be as shown by the dashed curve      Canadian study would be approximate[’., the
of Figure 2.1. This dashed curve then            same as a typical cross-section of
shows approximately the relative importance      mobiles in the U. S. The large number o
of the various octave bands in terms of            autos measured (i010) makes it possible to
their contributions toward the loudness or       quote significant statistical data for the
disturbance of the noise to people. It          sample. The standard deviation for Olson’s
is seen that the center frequency region         data is approximately 2.5 d~A. This suqgests
of 500-2000 Mz is the strongest contributor      that about 68% of any random sampling
in terms of A-scale readinqs,                        autos will fall within ±2.5 dB of the average

level and that about 32% of the sample will
In NCHRP R~port 78, it is also found that        fall outside this range. Further, approx-
the condition of the road surface makes a        imately 95% of the autos sampled will have
difference in the noise level radiated by        noise levels within 2 standard deviations,

.automobiles at the higher speeds where            or ±5 dB, of the average level.
tire noise becomes the ~ominant noise.
Very rough, course-grain road surfaces            The automobile noise spectra used in the
produce hitcher noise levels, up to 5 dBA ¯       TSC Computer Proqram are given in Figure 2.3
above "average" road surfaces; and very            for speeds of 30 mph and 70 mph. These
smooth, fine-grain road surfaces produce         curves are similar to Olson’s curves, with
lower noise levels, as much as 5 dBA below       the exception that the TSC 30 mph curve is
"average" road surfaces. In addition, since    2-4 dB below Olson’s 30-39 mph curve and
tire noise is predominantly high frequency       the TSC 70 mph curve is 1-3 dB above Olson’s
noise, very smooth road surfaces cause            60-69 mph curve. The TSC curves, for 50 ft
slightly less high frequency noise and very      distance, yield A-scale values of 61 dBA
rough road surfaces cause slightly larger        and 75 dBA, respectively for the two speeds.
amounts of hiqh frequency noise compared to      An equation for auto noise given in Appendix
the generalized spectrum of Figure 2.1.           A of the TSC Report% reduces to the follow-
These effects of road surface apply to auto-    ing version for any speed V in mph:
mobiles, which are typically equipped
with rib-type tire treads. These varia-                        Lauto = 5 + 38 !og V.
tions should not be presumed here to apply
also to truck noise.                                    [Note that 38 log V = 3.8 x I0 log V, and

that the i0 log V values can be obtained
At conditions of high acceleration, auto-          in Table 1.2.2
mobiles make increased noise. NCHRP
Report 78 presents limited data on this          This produces the following noise levels
effect. At 35 mph, for maximum accelera-         (rounded off to the nearest integer) for
tion, a small group of automobiles was             a range of typical speeds:
found to produce approximately 8 dBA higher
noise levels than for normal cruise condi-                 at 30 mph      61 dBA
tion at that same speed. This would be                         40 mph      66 dBA 50 mph      70 dBAsignificant for ramp approaches to main                         60 mph      73 dBA
highways, where high acceleration ~s re-                        70 mph      75 dBA.
quired to enter the high speed traffic lanes.

These may be compared with the values givenAn extensive noise measurement program On        earlier in this Section as taken from NCHRP
traffic noise has been carried out and            Report 78. It is seen that the TSC values
reported* by N. Olson of the National Re-        range 1-4 dBA above the NCNRP values over
search Council of Canada. Olson’s data the low to high speeds. Olson’s values of

standard deviation are used in the TSC
approach, and may. be assumed as representa-

*"Statistical Study of Traffic Noise",            tive for any current population of auto-
Report APS-476 (1970), National Research       mobiles on U. S. roads.
Council, Ottawa, Canada; also summarized in
the paper "Survey of Motor Vehicle Noise",
N. Olson, Journal of the Acoustical Society
of America, Vol. 52, No. 5, pp. 1291-1306       +Identified in the footnote on page ]-]I.
(November 1972).
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All known comprehensive studies of auto          2.3 NOISE EMISSION LEVEL OF TRUCKS
traffic noise show that tire noise becomes
a dominant source at high speed. NCHRP          NCHRP Report 117 and some of its references
Report 78 contains data on the influence        provide a ra£her detailed summary of diese!
of road surface on the tire noise, as             truck noise as a function of speed, engine
mentioned briefly earlier in this Section.      power and muffler configuration. Olson’s
In turn, NCHRP Report 117 suggests a road       study also contains a large quantity of
surface adjustment as follows:                      noise data on truck noise. In addition,

several studies have been carried out on
Surface        Description     Adjustment       truck tire noise. All of this material

will be reviewed here briefly.
Smooth Very smooth, seal- -5 dBAcoated asphalt                        Total truck noise is made up of three major

sources: engine noise, engine exhaust noise,
Normal Moderately rough       0 dBA          and tire noise. Each of these sources is

asphalt and concrete                   strong enough that it must always be con-
Rough Rough asphalt with    +5 dBA          sidered as a potential contribution to the

large voids 1/2 in.                    total noise. For example, engine noisc ai. no
or larger; also                          (exclusive of the exhaust noise) probably
groove0 concrete                        falls in the range of 75-85 dBA (at 50 ft

distance); engine exhaust noise probably
There is no standard for rating roadway          falls in the range of 90-100 dBA (at 50 ft)
surface roughness or smoothness, but it        without mufflers or in the range of 80-90 dBA
is seen here that for auto noise the sur-       with good stock mufflers; and finally, tire
face smoothness can be a small factor in        noise is very dependent on tire tread and
noise control design. It is left to the         speed and can range somewhat predictably over
discretion of the user to apply an adjust-      the full range of 70-95 dBA. For any particu-
ment, where appropriate, but it is ~uestion-    lar truck taken at random, any one of these
able that a -5 dBA adjustment should ever       noise sources might dominate, or a mixture
be used. For very smooth surfaces, some        of all three could contribute to the total.
truck tires become excessively noisy (to be     Figure 2.4 shows a hypothetical example of
discussed later); and a surface that is          how the three sources could combine to pro-
smooth enough to justify a -5 dBA adjust-       duce a typical truck spectrum shape as well
ment for auto noise would likely be too          as a fairly realistic total level of 82 dBA.
smooth (or slippery when wet) to be safe.       With three such strong sources present, it
Thus, the following range of adjustments         is not surprising that trucks are not readily
are considered acceptable, if the user           quieted. The components shown in Figure 2.4
can make the correct selection:                    are listed here:

Adjustment of auto noise to                                Tires         77 dBA
Exhaust      79 dBAreflect road surface:                                        Engine       75 dBA

Add to Auto
Surface DescriDtion Noise Level                              Total         82 dBA

Very rough surface       +5 dBA                Now, suppose an improved muffler could reduce
engine exhaust noise by 6 dBA:

Medium rough surface     +2 dBA
Average surface            0 dBA                               Tires        77 dBA

Exhaust      73 dBA
Medium smooth surface -2 dBA                                 Engine       75 dBA

It is cautioned that a judgement of road                        Total        80 dBA
surface condition should not be based
solely on how it "sounds" to the occu-           Only a 2 dBA reduction is achieved in total
pant inside a car when the road is driven       noise. Suppose the exhaust were not quieted,
on. Small changes in surface texture can       but that a quieter tread could achieve a
yield significant changes in the "rumb&e"       6 dBA quieting of tire noise. Then:
heard inside the car. Noise heard inside
the car is due to structure-borne noise                           Tires         71 dBA
transmitted through the auto’s suspension                        Exhaust      79 dBA
system, which essentially transmits low                           Engine       75 dBA
frequency noise or vibration quite well                         Total        81 dBA
and hence gives an exaggerated low fre-
quency leve!. This is not necessarily          For this effort, only 1 dBA reduction is
related to the amotlnt of high frequency         achieved in the total noise.
sound radiated externally by the tires.
In no case should a -5 dBA adjustment be
used merely because the road sounds smooth      This example serves to illustrate the neces-
to the occupant inside his auto.                   sity for an all-out attack on all three major
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noise components, if a large reduction is to      The truck spectrum used in the TSC Computer
be obtained. This does not suggest, however,     Program is shown in Figure 2.8. The solid
that we should take a resigned attitude about     curve is the complete spectrtnn and the dashed
the problem because it seems difficult to          line is the spectrum as it would appear when
solve. Good mufflers exist and quiet tire         passed through the A-scale filter. This
treads exist; it is important to continue to      average curve yields an A-scale sound level
strive for the use of these quieter products      of 87 dBA, and in the TSC Computer Program
in everyday truck operations. Figure 2.5          it is used for all highway speeds. The stand-
is a schematic representation of these typi-      ard deviation for the truck data, based on the
cal noise sources, showing that they occur         Olson collection, is 3.5 dBA. Neither the
at different locations. Their height above       Olson data nor the TSC Program applys a noise
the road surface will be discussed in more         adjustment for up-grade roadways.
detail later.

In several recent extensive studies o[ truck
The generalized truck spectrum developed in       noise for various projects in the Unit ,d
NCHRP Report 78 and used in NCHRP Report 117      States~ BBN personnel have found basic
is shown in Figure 2.6. This is based on a       ment with Olson’s data. Statistical averages
collection of noise data taken by Bolt              of the noise of many over-the-road highway
Beranek and Newnan Inc., Los Angeles, when         trucks give support to 86 and 87 dBA val’~es.
a nunzber of controlled trucks were driven
beside a known test set-up at specified             ~ comparison of the basic 82 dBA value plus
speeds. The tests were conducted on level        grade adjustments used in the NCHRP Report 117
roads, and on up-grade and down-grade roads,      procedure and the 87 dBA value with no grade
Various mufflers and engines were included         or speed adjustment for the TSC approach sug-
in the tests, and some tests were checked on      gests a difference in noise data, yet there
dynamometer stands. Full acceleration runs        is some degree of compatibility between them.
and coasting down-hill runs were also mea-         There is the possibility that the drive-by
sured. Several trucks were also recorded on      tests in the BBN-California measurements con-
level and up-grade runs under noz~nal freeway      tained in the NCHRP reports involved truck-
operation, without the drivers knowing they       driver situations in which the controlled
were being tested. The mean spectrum of 26       trucks were just maintaining the desired
diesel trucks on a level roadway was selected     speeds for the drive-bys and the drivers were
for use in NCHRP Reports 78 and 117. This        not actually following norraal highway practice
mean gives an A-scale leve! of 82 dBA. In        of "trying to get there" in a hurry. This
the tests, it was found that noise output         could result in lower throttle settings, lower
increased with up-hill grades, and, so, a          power levels, and less attempt at pressing for
noise adjustment was included:                         higher speed, all resulting in lower noise.

Under actual intentional acceleration tests
Adjustment for Increased Noise Level of Trucks and normal up-grade climbs, higher power was

on Gradients                           used and the resulting increase in noise
levels agrees quite well with Olson’s data

Gradient      Adjustment                  for his normal powered runs at speeds of 50-
%                dBA                        59 and 60-69 mph, with no changes reported
< 2              0                       for grades or high-power accelerations. This

3 t~ 4             +2                       may not serve as a complete explanation of
5 to 6             +3                       the differences in the data, for some of this> 7             +5                       does involve some conjecture on details not

known about the California tests. However,

It was also found that during high accelera-      with this attempt at e~planation, the data
tion, truck noise may be about 6 dBA above        are seen to work toward each other and possi~
the noise at norma! cruise condition. In         bly the di{ferences -become quite small for
general, no significant change of noise with     the runs of trucks operating under high

powered conditions and with a time schedulespeed was reported,                                        and an objective to meet.

Olson’s measurements of ~ractor trailer units
are summarized in Figure 2.7. In this group,     2.4 TRUCK NOISE COMPONENTS
for speeds in the range of 50-69 mph, average
noise levels are in the vicinity of 85 to
88 dBA, and a small but significant noise         In the introductory paragraphs of Section 2.3,
level change with speed is seen. Olson also     a broad range of possible noise levels is
measured noise levels of a large nunzber of         given for each of the three major noise
various kinds of heavy trucks during accelera- sources. It is of interest to review avail-
tion from a traffic light, although it is not    able data on these sources, where they can
clear that there was any particularly high        be separated or partially separated from the
power used during acceleration. For several     other sources usually present.
tractor trailers the average noise level was      a. Tire Noise
81.9 dBA during acceleration, which would re-
present noise comparable to that at cruising      Tire noise has been studied fairly exten-
speeds of about 35-45 mph.                             sively with rather conclusive results. The
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National Bureau of Standards has conducted 55 mph (coasting), and the data are quoted for
a valuable study* on truck tire noise. A the 50 ft microphone. All tires were essen-
brief sun~ary is included here. Sketch 2.1 tially new at the beginning, following a suit-
shows the "footprints" of nine tire treads able break-in and warm-up sequence, and some
tested on two test vehicles in drive-by tires were also tested after their treads had
tests over a speed range of about 30-60 mph. been worn down (by real-life over-the-road
Prior to each measurement portion of the wear) to "half-worn" and "fully-worn" condi-
test, the truck was brought up to the desired tion.
speed. Then, just before entering the noise
measurement road section, the truck engine The front tires of the truck were o£ Rib A
was turned off and the vehicle coasted tread, the quietest tread, so that the rear
through the 1000-ft length test section. A      tires would represent the major source of
series of photosensors was used to determine noise. Noise levels are in dBA.
the truck speed at several points during the
coast-down, and a series of microphones was Tread Road New Hail- Fully
used to record the noise radiated by the Type Surface. Tread Worn ~0r~
tires. Two road surfaces were included in

A     Concrete     73the tests which were carried out on a Asphalt 75research runway at the NASA. Wallops Island,
B Concrete 77 81Virginia airfield: one was of smooth con- Asphalt 77 79

crete finish, and the other was of "textured
asphalt" The table that follows sun~narizes C Concrete 76¯ Asphalt 77
the test’ findings for the single-chassis D Concrete 84 91 87vehicle fitted with test tires on the fcur Asphalt

~ 86 85rear drive wheels (one drive axle, dual tires E Concrete
each side). For all these tests, each drive Asphalt 82
tire was supporting a load of approximately F Concrete 81 88
4400 Ibs, the vehicle speed was approximately Asphalt 81 86

G Concrete 73
W"Truck Noise--I, Peak A-Weighted Sound Asphalt 75

Levels due to Truck Tires," Report OST- H Concrete 81 86 86
ONA 71-9, dated September 1970, prepared Asphalt 82
for the Department of Transportation by the I Concrete 96     94
National Bureau of Standards. Asphalt 88 90

NEUTRAL RIB
RIB-A RIB-B RIB-C

CROSS -BAR- D CROSS -BAR-E CROSS- BAR-F

RETREAD - G        RETREAD - H        RETREAD
I

!
!
!
!
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Note that Treads A, B, C, and G are rib-type, IOO
Treads D, E, F, and H are cross-bar-type,
and Tread I is a "pocket design" tread. The .LDAD£D
four rib-type treads, when new, produced
noise levels within the range of 73-77 dBA
for both road surfaces. The four cross-bar
treads, when new, produced noise levels 90
within the range of 81-84 dBA for both road ~ ~OSS~R
surfaces. For these rib and cross-bar
designs, there was little consistent differ-
ence between the road surfaces. For the RIB
"pocket design" Tread I, the smooth concrete

surface yielded a 96 dBA level and the tax- ~ ~ "~~~~’~/~
tured asphalt yielded a level of 88 dBA.

In general, a quiet tread design is one in
which the air inside the grooves of the tread
can escape slowly as the tread block~ come ~ TO
into contact with the road surface. This is
provided in the rib-type treads by the fact
that the circumferential grooves in the sur-
face always provide escape routes for the
air. A noisy tread design is one in which
the air is trapped or has difficulty in
escaping as the air cavities move into con-
tact with the road surface. The cross-bar
design does not provide the ease of escape
of the rib design, and the escape must take 5K£~CH 2.2
Place much more rapidly ~s the tread block
instantly makes its contact to the road sur-
face. Of course, with the "pocket design" road today. Cross-bar tires are generally
there is no escape path, and the air trapped used on drive wheels for better traction,
and compressed inside the pocket literally and rib-type tires are generally used on
"pops" out when an escape route first appears, frontwheels for better steering.
The coarse-grain textured asphalt provides
better escape paths than the smooth concrete, A somewha~ similar study was carried out at
so the asphalt surface yields a lower noise General Motors and reported by Tetlow*. The
level than the concrete for the pocket design findings also show greater noise from cross-
tread, bar treads, greater noise as the tires be-

~ome worn, increasing noise with increasing
As the tire becomes half-worn, the air escape speed; and the pocket design retread is the
passages become smaller, so the noise gener- outstandingly noisy tread. The Tetlow paper
ally increases. When the tire becomes nearly also shows that the half-worn cross-bar
fully, worn, there is less air to be trapped tires of his tests produced higher A-scale
in the grooves, so the noise begins to decrease noise at speeds above 55-60 mph than was
again, produced by the truck engine that was used.

The tire noise data summarized in the table
above represents a single speed of approxi- b. .£,~ne N0~$e and £n~ne £×haust N0~$e
mately 55 mph for all treads, whereas the
complete series of tests includes speeds over In an earlier study% of diesel engine noise
the range of about 30-60 mph. Sketch 2.2 for the Corps of Engineers of the Department
shows a brief summary of the noise level of the Army, Laymon Miller obtained and
change with speed for the various new treads analyzed data for approximately 50 diesel
(letters identify the treads shown in Sketch and natural gas reciprocating engines cover-
2.1) traveling on the asphalt road surface ing a power range of about 150-6000 hp.
under the tire load condition mentioned above Fourteen of the tested engines fell in the
(4400 ib per tire). It is reasonably apparent rated power range of 225-600 hp. From the
from Sketch 2.2 that rib-tread tires would be entire collection of data, sound po~e~, level
the quietest and that they probably would mot data were derived and a procedure was gener-
dominate truck noise at high speed, based on ated for estimating the noise of (a) the
the 82-87 dBA levels for the total noise of engine casing, (b) the unmuffled engine
trucks in highway operation. However, it exhaust, and (c) the air intake to the engine.
seems highly probable that many cross-bar
treads (especially when half-worn) could prove
to be dominant noise sources at highway speeds *"Truck Tire Noise," Derek Tetlow, Sound and
of 60-70 mph. Of course, the "pocket" retread Vibration, August 1971.
would be a "screamer" on the highways. The %"Power Plant Acoustics," Technical Manual
Bureau of Standards report states that the TM 5-805-9, December 1968; prepared for the
nine treads tested represent 70-80% of the Department of the Army by Bolt Beranek and
total truck tire population in use on the Newman Inc.
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From that procedure it is possible to esti-         c. Summa rl
mate the octave band noise levels and then
the A-scale levels at 50 ft distance for such      Figure 2.9 summarizes a number of the find-
a diesel engine. This has been done for an         ings mentioned above. The basic 82 dBA.and
engine power in the range of 375-480 hp with        87 dBA values of the NCHRP and TSC procedures
the following results. An unhoused bare             are shown independent of speed. However,
engine (excluding exhaust noise), free to           several studies indicate a real dependence
radiate uniformly in all directions, has an         of noise on speed: the Olson data, the
estimated A-scale sound level of 84 dBA (with      Bureau of Standards study on tire noise and
a standard deviation of about 2.5 dB) at             the Tetlow study on tire noise. The Miller
50 ft. The cowl cover of a truck engine may       estimate of engine noise merely suggests that
provide a small amount of sound energy               the engine is probably the quieter of the
absorption, but it is more likely that it           present three major noise sources, and the
modifies the directionality pattern of the          Miller estimate of unmuffled exh.~ust noise
engine noise. Thus, it would .not be unrea-         indicates a clear need for good ~ufflers on
sonable to expect that the engine would have       engine exhausts if any traffic noise control
an average radiated noise toward the side of       is to take place. In addition to the speed
the road of about 78 to 82 dBA depending on         effect, the N.B.S. and Tetlow data emphasize
the details of the engine cover. It was also      the need for the truck and tire ma~ufactu.
found in the study that for reasonably con-         to develop and use quieter tire treads than
stant engine speed, the noise did not change        the present cross-bar and pocket-type treads.
appreciably for various engine power settings
less than the ful! rated power of the engine.      The following brief summary is given for the
Of course, all of these tests were for steady-     benefit of the engineer using the NCHRP Report
state, stationary operation, so no data were        117 noise evaluation procedure.
recorded for conditions comparable to engine
acceleration.

The estimated unmuffled engine exhaust noise           (i) The noise emission level of a diesel
for an engine in this size range (375-480 hp)                truck at normal cruise condition at
is approximately 91 dBA for engines fitted                    highway speeds is 82 dBA.
with exhaust-driven turbochargers or 97 dBA
for engines without turbochargers. A fairly           (2) During acceleration and high power
poor grade of low-pressure-drop muffler                        needs, diesel truck noise increases
would reduce these sound levels by 8-12 dBA                  approximately 5 dBA over normal cruise
and a fairly good muffler could reduce these                 conditions.
levels by 16-20 dBA. Thus, depending on
turbocharger and muffler, the exhaust noise             (3) For up-hill grades, truck noise in-
radiated by a diesel truck engine could fall                 creases as follows (relative to the
almost anywhere within the range of 75-100                    basic 82 dBA value)
dBA at 50 ft distance, including the spread                       3-4% grade      +2 dBA
due to the standard deviation.                                        5-6% grade"     +3 dBA

> 7% grade      +5 dBAAn additional study of interest is contained                     -
in a report* by W.H. Close and R.M. Clarke
of the Department of Transportation. In this          (4) Even though engine power may be some-
study, 14 diesel trucks, borrowed from co-                     what reduced on down-hill grades, the
operating truck users, were given a series of                tire noise remains a serious noise
noise tests including the SAE J366a accelera-                component. Therefore, noise should
tion test.~ The test includes maximum vehi-                 not be considered to decrease on down
cle acceleration to 35 mph within a 100-ft                    grades.
test course. For the 14 trucks, the average
A-scale sound level was 87 dBA, with all                 (5) Road surface condition should not be
trucks falling within the range of 83-90 dBA.                treated as a factor in truck noise.
The significance of the test is that perhaps                 Very smooth roads and very rough
this short acceleration run may give a noise                roads should be avoided.
level representative of high-speed highway
operation. It is also probable that th~            The following brief surmnary is given for the
noise radiated is due to engine and exhaust        benefit of the engineer using the TSC Computer
and does not include tire noise at this low        Program noise evaluation procedure.
speed.                                                             (i) The noise emission level of a diesel

truck at all speeds and ~for all grade
W"T~uck Noise--II, Interior and Exterior A-                   conditions is 87 dBA.

Weighted Sound Levels of Typical Highway
Trucks," Report OST-TST-72-2, July 1972,                (2) For off’highway use, these trucks may
Department of Transportation.                                    be assumed to have 82 dBA sound level.

%"Recommended Practice J366a - Exterior Sound
Level for Heavy Trucks and Buses," Society
of Automotive Engineers, Inc., 1971.
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2.5 OTHER VEHICLES                                      component may play a strong or submerged
role. In terms of frequency distribution,

Five categories of "other vehicles" are iden-     (a) muffled exhaust noise is usually strong
tilled in NCHRP Report 78 as additional            in the 125 Hz band and its 63- and 250-1Iz
vehicular noise sources: motorcycles, sport      neighboring bands; (b) engine noise is broad-
cars, light trucks, large gasoline-engine          band and extends across the full frequency
trucks, and buses. Motorcycles and sport          spectrum, although it drops off systema-
cars are generally noisier than conventional      tically in the upper octave bands; and (c)
passenger automobiles, due to higher engine        tire noise, and especially tire "whine",
speeds and poorer standards in muffling and       is most noticeable in the upper octave bands
due to operational practices of their drivers.    (say 500--4000 Hz).
Light trucks are usually somewhat comparable
to automobiles in terms of noise output.            In terms of height, obviously, tire noise
Large gasoline-engine trucks are generally        originates at the road. surface and erl.line
quieter than diesel engines of equal size          noise may be taken to be located abou,. 3-4
and performance. Buses seem comparatively         ft above the.road surface. Engine exhaust
noisy when heard at the downtown street             noise radiates from the end of the exhaust
corner, but on the highway they are much           pipe, and this can vary from 2 ft above the
less noisy than diesel trucks as a result          ground for some trucks up to 8-13 ft above
of better muffling and maintenance. AI-           the ground for large transport trucks. For
together, these "other vehicles" represent         calculation purposes, .it is suggested that
a relatively small quantity of the total            truck noise be assumed to be located 8 ft
traffic flow on main highways, and since            above the road surface. This will yield a
their noise falls mostly within the range          conservative barrier design for trucks
of auto and diesel truck noise, they are not      with good mufflers and short stacks, but it
separately identified and treated in highway      will yield an inadequate barrier for trucks
noise evaluations. Rather, their noise is         with poor muffling and tall stacks.
assumed to be contained within the total
mix of highway noise generally associated          Some automobiles have aerodynamically in-
with automobiles and diese! trucks,                   duced "whistles" at medium and high speed,

some truck engines radiate turbo-charger
For use in the analysis procedure, it is           noise at their air intakes and some truck or
suggested that when the quantities of smaller    trailer bodies radiated body noise due to
trucks (say, under i0,000 ib gross weight)         rattling ~arts inside empty shells or due
and buses are separately identified and known,    to body vibration excited by rough roads.
that their total number be divided into two       These extraneous noises probably will not
equal parts; one part should then be added        modify the L,0 noise levels for highway
to the automobile quantity and one part should traffic, but the identifiable sounds may add
be added to the truck quantity,                        to the annoyance of the noise. For local

(off-highway) traffic, these noises may be
For local (off-highway) traffic problems, it      of concern.
may be necessary to have a better definition
of the quantity, size, use, and noise of           For the sake of simplicity, all vehicular
trucks serving the local streets,                     noise sources are assumed to be omni-

directional (noise radiated uniformly in all
directions), although this is not entirely

2.6 HEIGHT OF VEHICULAR NOISE SOURCES              correct.

For purposes of calculating the effect of
berms, walls and other barrier structures, it    2.7 NOISE 0F MOVING NOISE SOURCES
is necessary to know approximately the
location of the noise source or sources. For    Figure 1.3 of Chapter 1 introduced the concept
automobiles, tire noise and engine exhaust        of the "inverse square law" drop-off of sound
noise are the major sources and these occur       level with distance from a point source. Now,
close to the road surface. For calculation       consider the same general geometry, but let
purposes, all auto noise is assumed to be         the point source move from left to right along
located at the surface of the highway,              the dotted line (the source line). Consider

first the sound level that will be produced
There are three major components of truck         at Observer Point A in Figure 1.3 (50 ft
noise: engine noise, exhaust nois~, and tire     from the source line). Suppose, at the
noise. The relative strength of these three      start, that the point source is off to the
sources may vary from truck to truck, and no      left at a distance of 1600 ft from Point I.
study has been completed that shows statis-       Assume that the point source still pro-
tically the distribution of these source~ in      duces a sound level of 80 dBA at a 50 ft
a large truck population. For the present,        distance. (.~his level ,.,as selected as
it.is assumed that when no mufflers or poor       a somewhat arbitrary level of the right o~der
mufflers are used, the major cause of truck       of magnitude, but it need not be construed as
noise is engine exhaust. When good mufflers      the noise level of an average truck.) Table
are used, it may be generally assumed that         1.3 of Chapterl gives the sound level re-
all three potential noise components are           duction for various distances relative to
present, although from truck to truck each        the reference 50 ft distance. From Table
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1.3 it is seen that a distance of 1600 ft         time at which ~he vehicle passes closest to
will have a sound level reduction of about        Observer Point A; then l-sec divisions are
31 dBA, relative to a 50 ft value. Thus,         marked off to the right and to the left from
for that starting condition, the sound level      that "O" reference time. For a vehicle speed
at Point A would be approximately 80 - 31 =       of 60 mph, each second of time represents a
49 dBA.                                                     distance interval of 88 ft. Thus, when the

vehicle is 880 ft to the left of Point 1 (on
Now, let the point source move toward Point 1    Figure 2.10), this represents a time of I0
a distance of 800 ft. The source is now           seconds before the vehicle reaches Point i.
800 ft from Point A and the sound level,           When the vehicle has moved 880 ft to the
according to Table 1.3, would be 80 - 24 =        right of Point i, the corresponding time
56 dBA at Point A. [Note the 7 dBA dif-           is I0 seconds after passing Point i. De-
ference in coming from 1600 ft to 800 ft.         pending on the known data, eithe~- a distance
Why is it not 6 dBA as the "inverse square        or a time scale can be used.
law" states? Recall that air absorption
and atmospheric effects add a small amount        To illustrate the determination of a typical
of excess attenuation for distances beyond        point on the "noise trace" of Figure 2.10,
i000 ft.]                                                   suppose the vehicle is located along the

source line (the road) at a point 150 ft be-
Next, let the point source move into a 400 ft    fore arriving at Point I. This point is
distance from Point i. The sound level at        shown by an asterisk at 150 ft on the line
A then becomes 80 - 18 = 62 dBA. Then, move      source and also on the enlarged detail. When
into 200 ft. The sound level at A becomes        the vehicle is at the 150 ft position, it is
approximately 80 - 12 = 68 dBA. Continue         actually 158 ft from Point A, the real point
this sequence until the moving point source      of interest where the noise record is being
arrives at Point 1 where it is 50 ft from         made. According to Table 1.3 (for a point
the observer at A, and the sound level is         source), the sound level reduction at 158 ft
80 dBA. ’ [Note: When the noise source gets       is i0 dBA below the reference value of 80 dBA
near Point A, it is necessary to estimate         at 50 ft distance. Thus, the noise trace
the true distance -- the hypotenuse of the         would show a 70 dBA sound level at a point
right triangle -- between the source and the       150 ft before Point i. This data point is
receiver at Point A.]                                   indicated by the asterisk on the noise trace.

The entire trace can be so constructed.
As the source continues to move along the
source line to the right of Point i, the           Referring briefly to the time scale at the
distance between the source and the re-           bottom of Figure 2.10, note that near the
ceiver begins to increase, and the sound          point of closest approach to Point A, the
level drops off in the same manner as it had     noise trace moves rather rapidly up to its
built up while approaching the receiver,          peak value and then drops off equally rapidly.
This entire sequence is shown in Figure 2.10.    For this particular trace, in 2 seconds of
Let the moving point source be a vehicle          time the sound level rises approximately Ii
moving along a straight road that passes          dBA to its peak. This rapid change is caused
within 50 ft of the Observer Point A. As         by the rapid closing of distance between the
the vehicle approaches, the sound level builds vehicle and Point A during the last 2 seconds
up; when the vehicle gets to the point of        of the approach. This illustrates an im-
closest approach, the sound level reaches its    portant fact: when the observation point is
maximum; when the vehicle moves away, the         near the highway, noise levels change quickly
sound level drops off.                                 during the time immediately before and after

the vehicle arrives at the point of closest
Suppose a graphic level recorder is used to      approach. Thus, for close distances, the
make a permanent record of this event. The      noise levels are high and the noise level
trace on the recorder would appear generally     changes are rapid.
similar to the trace shown on Figure 2.10,
where the horizontal distance along the trace Next, let us repeat’the same construction
can be related to the distance of the vehicle procedure for a point that is farther away
from Point i, and the vertica! scale is the      from the roadway. Using the same observer
sound level produced by the vehicle. A           point designations used in Tables 1.3 -- 1.9
second horizontal scale is shown below the       of Chapter l, suppose we construct a noise
distance scale on Figure 2.10; this lower         trace for a vehicle that passes 200 ft to the
scale is a time scale. Suppose the vehicle      side of Observer Point C. This is done in
has a speed of 60 mph as it travels along the Figure ~2.11. Notice here that the peak sound
source line (60 mph = 88 ft/sec). Knowing       level change is lower (as we have already
the speed of the vehicle, or the speed of the learned), and that the sound leve! change is
advancing graphic level recorder trace, it is less abrupt at the time of closest approach.
possible to construct the time scale shown.      Here, during the last 2 seconds o£ approach,
In this case," "O" time is taken to be the        the sound level rises only 2-3 dBA.
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Using a different format and a different          equals 50 time units; this noise level is
scale of distance and sound level, similar        Ls0. In Figure 2.13, this procedure is
types of "noise traces" are drawn in Figure~     followed, and by approximate fitting it is
2.12. Curves A and C are the same as the         found that,L,0 = 78.0 dBA and L~0 = 68.5
traces constructed in Figures 2.10 and 2.11.     dBA approximately. AlthQugh the procedure
except for the change of scales. Curves B,       appears quite simple here, due to such an
D, and E represent noise traces that could        ideal noise trace, it is not this simple in
be expected from an idealized point source        practice. The concept is of concern here,
(vehicle) that passes 100, 400, and 800 ft,       rather than the actual values. For this
respectively, to the side of Observer Points     illustration, notice that the total noise
B, D, and E in the Chapter 1 figures. The        level varies between 65 and 80 dBA, a 15 dBA
five curves on Figure 2.12 practically             swing, and that the difference between the
bracket the most sensitive neighbor areas         L~0 and L~0 values is also quite large (9.5
beside a busy highway. These curves are to      dBA). Large differences, such as ~bese,
be used to help demonstrate Llo and L~ sound    are characteristic of sparse traffic- and
levels, and to show that (a) distance to the     close distance to the roadway.
highway and (b) quantity of traffic are con-
trolling factors in determining L,0 and Lso       Next, let us increase the traffic flow by
values,                                                      providing a 400 ft interval between vehicles.

This is shown in the lower half of Figure
2.14. For this spacing, .the new vehicles
fill in the valleys between the noise peaks
of the vehicles formerly at 800 ft spacing.
This results in a smaller total change in

2.8 INTRODUCTION OF LI0 AND L50 SOUND LEVELS sound level and a smaller difference be-
tween L~0 and Ls~, although both L~ and

Continuing the discussion from the last sec-     are larger than in the first illustration.
tion, suppose now a continuous line of moving Finally, in the upper portion of Figure 2.14,
vehicles along a straight level road. For       vehicle separation is reduced to 200 ft. As
the first example, suppose that the vehicles    expected, the sound level differences are
are uniformly spaced at 800 ft intervals,         smaller, but the Lz~ and Lsa values are
that all vehicles are exactly alike acous-       larger. Thus, increased traffic flow smooths
tically, and that all vehicles are traveling    out fluctuations in sound levels, although
in the same direction in the same lane at        the total sound levels themselves increase.
equal speed. A graphic level recorder set
up at Point A, 50 ft to the side of the road    Figure 2.15 presents a similar series of con-
would yield a repetitive series of peaks and    structed noise traces for Position C (of
valleys in the noise trace somewhat similar      Figures 1.3 to 1.9 in Chapter i), located
to the sample portion shown in Figure 2.13.      200 ft from the roadway. As vehicle spacing
The dotted portions of the curve show the        decreases from 1600 ft to 800 ft to 400 ft,
rise and fall of the noise of each individual the L~ and Ls~ levels rise but the fluctua-
vehicle, and the solid curve shows the total    tions decrease. For 400 ft spacing, the
noise of the continuing line of noise sources, total spread in levels is approximately 1 dBA
The distance scale is used primarily to indi- and the difference between the Llo and
cate the distance interval between sound          levels is approximately 0.5 dBA.
sources, but it could be related to a known
time scale, such as from the speed of the        For all these constructed noise traces, the
advancing paper of the graphic level recorder asstzmed vehicle has a noise emission level
or from timer marks super.imposed on the           of 80 dBA at 50 ft distance.
trace.

In real-life highway situations, autos have
Recall that L~0 is the noise level that is       variable noise levels, trucks have variable
exceeded for 10% of any specified suitable       noise levels, and the mixing of autos and
sampling time. For the uniform repetitive       trucks yields noise level variations of 10-
flow of vehicles used for this example, a        20 dBA. Thus, the simple noise traces
sampling time can be quite short (it could       sketched here ar4 seen to be idealized and
include as little as ~ one complete,       will not be found in the field. Statistical
cycle of signal variation). Now, suppose        sampling techniques wil~ be offered later,
that the length of the sample trace is            however, to permit reasonable approximations
assigned an arbitrary time interva! of i00       of the L~ and Ls~ sound levels without re-
units. We can then determine the length of      quiring graphic level recording equipment.
i0 time units and 50 time units on that           The constructed noise traces have been used
sample trace. It then becomes necessary to     here merely to illustrate the nature of noise
find the noise level whose total duration        level changes as a function of the various
just equals the i0 time units; this noise        distances involved and to observe generally
level is L,0. It is next necessary to find     the trend toward more uniform noise levels
the noise level whose total duration just        with increased traffic quantity.
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Later in the text, tables of data taken from       In su~nary, this chapter has beer~ devoted to
NCHRP Report 117 and the TSC Report will pro-       (a) the noise of individual automobiles and
vide a means for estimating the Ls0 sound            trucks, (b) the secondary parameters that
levels for both autos and trucks, as a func-       influence noise, and (c) an introduction to
tion of quantity of traffic (in vehicles per       the use of Ll~ and L~0 values using simple
hour), average speed of the traffic, and            idealized moving noise sources. In Chapter
distance to the highway. A procedure is then      3, no~se measurement techniques will be
given for estimating the difference (L~0 - L~)    presented, aimed at tak°ing data that can
in dBA, which is a function of the quantity        yield the L~0 and L~0 values for specific
o£ traffic (in vehicles per mile) and the           situations. Then, Chapter 4 will be devoted
distance from the highway to the neighbor           to the noise radiated by highways carrying
area in question. We have already seen              various quantities of the auto and trucks
somewhat intuitively from the idealized             considered singly in Chapter 2. The NCHRP
"noise traces" that the factors of quantity         and TSC methods for analyzing highway noise
a~ d~stance are involved,                                will be presented and discussed in Chapter 4.

~CTRUM 67 dBA

MODIFIED BY
A- SCALE FILTER

20
:51.5 63 1 ;)5 ::’50 500 1000     2000    4000    8000

OCTAVE BAND CENTER FREQUENCY (Hz)

FIGURE 2.1 GENERALIZED SPECTRUM OF TYPICAL PASSENGER
AUTOMOBILE AT ~O MPH SPEED AND AT 50 FT
DISTANCE --FROM NCHRP REPORT 78
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FIGURE 2.2 SUMMARY OF SOUND LEVELS FOR PASSENGER VEHICLES
AT 50 FT DISTANCE -- MEASURED AND REPORTED BY
N. OLSON OF CANADA                                                                                                                                    -’--,

40
s~.~ 63 125 250 5OO ~000 2000 40OO BOO0

OCTAVE BAND CENTER FREQUENCY (Hz)

FIGURE 2.:) GENERALIZED SPECTI~A OF AUTOMOBILE NOISE AT 30 MPH
AND 70 MPH FOR 50 FT DISTANCE -- FROM TSC REPORT
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TIRES

z ~ 60--                  ENGINE
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m TIRES 77 dBA
~ 40--

EXHAUST 79dBA _
o ENGINE 75 dBA

TOTAL 82 dBA

]25 250 500 ]000 2000 4000 8000
OCTAVE BAND CENTER FREQUENCY (Hz)

FIGURE 2.4 HYPOTH~ICAL MIXTURE OF THE ~REE PRINCIPAL SOURCES
OF TRUCK NOISE. NOISE LEVELS WILL VARY FOR
DIFFERENT COMPONENTS IN DIFFERENT TRUCKS

7’7 d BA

82 dBA= TOTAL

FIGURE 2.5 REPRESENTATION OF TRUCK NOISE COMPONENTS OF
FIGURE 2.4,     RELATIVE TO HEIGHT ABOVE THE ROADWAY
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FIGURE 2.6 GENERALIZED SPECTRUM OF TYPICAL DIESEL TRUCK
AT 50 FT DISTANCE ON LEVEL ROADWAY AT HIGHWAY                                          ~-,,.
CRUISING SPEEDS--FROM NCHRP REPORT 78

1
~ 9o- 2_
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~o LU CURVE SPEED.
~ ~ NO. (MPH) VEHICLES dBA

m~ 1 60 - 69 ]22 87.96O

LU 2 50 - 59 245 85.4
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FIGURE 2.1      SUMMARY OF SOUND LEVELS FOR TRACTOR TRAILERS AT
50 FT DISTANCE -- N. OLSON OF CANADA
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FIGURE 2.8 GENERALIZED SPECTRUM FOR DIESEL TRUCK NOISE AT
~0 FT DISTANCE FOR ALL SPEEDS -- FROM TSC REPORT

(~) NCHRP REPORTS 78 ,~ND 117
(~) TSC COMPUTER PROGRAM
_(~) OLSON, TRACTOR-TRAILERSlOO (~) N.B.S., NEW CROSS-BAR TIRES

E (~) N.B.S., HALF-WORN, CROSS-BAR
z (~) N.B.S., POCKET RETREAD

9.5 -~) TETLOW, POCKET RETREAD
’~-- (~) MILLER, ENGINE NOISE EST.
~ (~ MILLER, UNMUFFLED
Lu EXHAUST, ESTn,-- 90-

Z
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L~
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_.J

z 80-
o
tj)
U)

z "70-
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SPEED: MPH

FIGURE 2.9 COMPARISON OF VARIOUS NOISE LEVELS FOR TRUCKS
AND TRUCK COMPONENTS, PLOI’rED AGAINST SPEED

C--108400
C-108400



~ooo ~oo ~oo ~oo ~ ~oo ,~o,o, ~oo ~oo ~
I’’ I’ I’ 1’ 1’ I’ I’ I’ I ~C~TI ’ I I I" I{1111"~ ’ ~ ’ ~

S E EMISSION
200 150 100 50 1 LEVEL OF VEHICLE:

80dBA AT 5OFT

ENLARGED
CLOSE-IN DETAIL A-50 FT

/-NOISE TRACE AT POINT "A"
/ DUE TO VEHICLE PASSAGE

/ AT ,.50 FT DISTANCE

80dBA

~"

50

1000     800 600      400 200 0 200     400 600 800     i000
DISTANCE SCALE IN FT (DISTANCEFROM VEHICLETO POINT 1)

12 lO 8 6 4         2 0 2         4 6 8 I0 12
TIME SCALE IN SEC. (TIME FROM VEHICLE TO POINT l)

FIGURE    2.10 CONSTRUCTION OF NOISE TRACE FOR VEHICLE PASSAGE 50 FT FROM OBSERVER POINT "A"
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FIGURE 2.11 CONSTRUCTION OF NOISE TRACE FOR VEHICLE PASSAGE 200 FT FROM OBSERVER POINT "C"
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FIGURE 2.12 IDEALIZED NOISE TRACES FOR VEHICLE PASSAGE AT INDICATED DISTANCES FROM
INDICATED OBSERVER POINTS (A- E) FOLLOWING CONSTRUCTION TECHNIQUES
USED FOR FIGURES 2.10 AND 2.ll
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’VEHICLES AT 2_00 FT SPACING
c~ 80 79.8 dBA
"’" 78,,.j ¯ Lso= 77.8 dBA

~ 70~
0

VEHICI_ES AT 400 FT SPACING
80 79.5 dBA
78

<I:: 76-
-o 74 .-

= LSo= 75.5
.̄.J 72-

> 70 - ~ ~ ~ ~ ~

0 64-

62--

60- ~ 100 UNITS OF TIME =~
50 UNITS OF TIME~ I~ ~]0 UNITS OF TIME

800 600 400 200 0 200 400 600 800

ARBITRARY DISTANCE SCALE (FT)

FIGURE 2.14 CONTINUATION OF FIGURE 2.13, WITH CLOSER SPACING OF VEHICLES.
REFER TO TEXT FOR DETAILS.
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VEHICLES AT 400 FT SPACING

I_ /’Llo=69.5 d~70[-

6~

,,~ VEHICLES AT 800 FT SPACING133 70-

~" 64[--

Z 60F              ~.

VEHICLES AT 1600 FT SPACING

""* 66 -- LIO= 67.4 dBA

LIJ 64
>
LIJ 62.d ~ ~,~,,-
,m 60 "-
Z 58--

800       ’600       400        200          0           200       400       600        800
ARBITRARY DISTANCE SCALE (FT)

FIGURE    2.15 IDEALIZED NOISE TRACES FOR ASSUMED VEHICLES AT UNIFORM SPACING,    AS OBSERVED
AT POSITION "C",    200 FT TO SIDE OF ROAD.     REFER TO TEXT FOR DETAILS.
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CHAPTER 2 PROBLEMS

I. One lane of a highway handles 1200 vehicles per hour.
Assume that all traffic is uniformly spaced along the
lane o

a. How many vehicles pass a given point on that lane
during one minute, if the average traffic speed is
30 mph?
Ans.

b. [:ow many vehicl~s pass a given point on the lane during
one minute, if the average traffic speed is 60 mph?
(Think about it.’)

Ans.

c. How many seconds of time elapse between vehicle
passages, for the 30 mph average speed?

Ans. sec.

d. How many seconds of time elapse between vehicle passages
for the 60 mph average speed?

Ans. s ec o

2. Continue considering the conditions of Problem i, in which
one lane handles 1200 vehicles per hour, and all traffic
is uniformly spaced along the lane. (Recall that 60 mph
= 88 ft/sec. )

a. What is the average center-to-center spacing of the
vehicles for an average traffic speed of 30 mph?

Arts. ft

b. What is the average center-to-center spacing of the
vehicles for an average traffic speed of 60 mph?

Ans. ft

c. How many vehicles are in a one-mile length of the lane,
when the average traffic speed is 30 mph?

Ans.

d. How many vehicles are in a one-mile length of the lane,
when the average traffic speed is 60 mph?

Ans.
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3. Refer to Figure 1.9 on page 1-27. Forty-one sound sources
are shown dJstr~buted uniformly along a 4000 ft line source,
with a spaci~lg of 100 ft between sources. Each sound
source in hhat illustration is taken to have a "noise
emission level" of 80 dBA at 50 ft distance.

a. For that layout, what does the table at the bottom
of the figure give for the total sound level at
Point C located 200 ft to the side of the line of
sources?

Ans. dBA

b. Now, suppose that instead of the somewhat fictitious
level of 80 dBA, we are to have autos traveling along
the source line (road) at 60 mph, and each auto has a
noise emission level of 73 dBA, as taken from the TSC
data. Each individual sound source along the line is
hhen 7 dBA lower than the 80 dBA value assumed origin-
ally in Figure 1.9. For this new condition, what total
sound level would you expect at Point C, 200 ft to the
side of the road?

Ans. dBA

c. Continuing the new condition of 73 dBA autos instead of
80 dBA fictitious sources, approximately what sound
level would you expect at Point C, if there were twice
as many autos on the 4000 ft length of road (i.e., a
50 ft spacing between sources)?

Arts. dBA

d. What sound level would you expect at Point C, if there
were half as many autos on the 4000 ft length of road
(i.e., a 200 ft spacing between sources)?

Ans. dBA

e. For a uniform vehicle spacing of 100 ft along one lane
of a roadway, what would be the traffic count for that
lane, in vehicles per hour, for an average speed of
60 mph?

Ans. vph

f. Considering the general trend of the idealized noise
traces shown in Figure 2.15 on page 2-21, and taking
into account the total soundlevel estimated above in
Problem 3b, give a rough estimate of the L~0 and L~0
values that might be expected for a line of 73 dBA
autos at 100 ft uniform spacing as heard at Observer
Position C, 200 ft to the side of the road.

Ans. L~0 ~ dBA; Ls0 ~ dBA

2-23

C--108408
C-108408



4. ~efer to Figure 1o3 on page 1-24. At Point C, 200 ft from
the source line, the total sound level is 68 dBA for a
single sound source at Point I, when that sound source has
a "noise emission level" of 80 dBA at 50 ft distance.

a. Suppose we now substitute a diesel ~ruck for that
stationary sound source. Let the diesel truck have a
"noise emission level" of 87 dBA at 50 ft distance, as
taken from the TSC approach. What would be the sound
level at Point C for the single truck.

Ans.                dBA

Now, suppose the source line of Figure 1.3 is extended
]~00 ft in both directions beyond Point i, and let a
~ruck be placed on the extended source line 1600 to the
left of Point i, and another truck 1600 ft to the right
of Point I. We now have a source line 3200 ft long,
with three trucks on the line at uniform 1600 ft spacing,
as shown here.

2                     1                     3

1600 ft                                                    1600 ft

C    200 ft

For the sake of identification, label the trucks "2"
and "3" as shown. Using the "inverse square law"
table for sound level reduction from ~ sources
(Table 1.3 on page 1-32), estimate the sound level at
Point C for trucks "2" and "3". Remember that each
truck has a noise emission level of 87 dBA at 50 ft
distance.

Ans.                  dBA for truck 2

dBA for truck 3

c. What is the total sound level at C due to trucks 2 & 3?

Ans.                  dBA

d. What is the total sound level at Point C due to all
three trucks along the source line?                                      F~

Ans.                   dBA
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5. Using Figure 1.9 as a model for auto traffic in a one-lane
highway, we have estimated in Problem 3b above the total
sound level at Point C due to a 4000 ft line of 73 dBA
autos with i00 ft spacing. Repeat that answer here:

dBA.                      ~

Using Figure 1.3 as a model for truck traffic in a one-lane
highway, we have estimated in Problem 4d above the total
sound level at Point C due to a 3200 ft line of 87 dBA
trucks with 1600 ft spacing. Repeat that answer here:

dBA.

a. Considering the general shape of the idealized noise
trace at the bottom of Figure 2.15 on page 2-21 for
1600 ft spacing of vehicles (as applicable to Problem
4d above), and considering the results of Problem 3
above for a flow of autos at 100 ft spacing, estimate
roughly the approximate L~0 and Ls0 sound levels for
a merging of the autos and trucks onto a single roadway.
Remember that the sound level of each of the assumed
sources of Figure 2.15 is 80 dBA at 50 ft, whereas the
autos and trucks considered here have noise emission
levels of 73 and 87 dBA, respectively.

Ans. Ll0 = dBA; Ls0 = dBA

b. For a uniform truck spacing of 1600 ft and an average
speed of 60 mph, what would be the traffic count of
trucks in vehicles ~per hour?

Ans. vph

Note: The individual auto and truck "noise emission levels"
used in the above problems are those used in the TSC
program. The LI~ level derived in Problem 5 by
considering the data and procedures of Chapter 2,
based on single vehicles and idealized conditions, can
be checked against the TSC Nomograph after the TSC
procedure has been presented and discussed. By using
single-source noise data taken .from the NCHRP procedure,
these problems could also be worked out using the
Chapter 2 material, and the answers checked against
the values obtained from the NCHRP analysis procedure.
These checks are left for the reader to perform at a
later time, if desired.
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CHAPTER 3

ENVIRONMENTAL NOISE MEASUREMENTS

This chapter cent=ins (i) a discussion of desired for thi~ work. The total tolerance
the characteristics and general use of sound limits for sound at random incidence for the
level meters for making outdoor ambient noise Type 2 meter with A-scale filter are appro-
measurements, (2) a discussion of the factors ximately as follows (see ANSI SI.4-1971 for
involved in the selection of locations and more precise values):
times for carrying out ambient noise measure-
ments, and (3) a suggested sampling tech- 20-40 Hz ±4 dB
nique for obtaining ambient noise data in a
fo~I.¯ J~hat permits reasonably valid determi- 50-80 Hz ±3 dB
natio:~ .L.C ~epresentative L~a and Lsa noise
levels. T"~s material is directed toward 100-250 Hz ±2% dB
the use of simple equipment, and the proce-
dures are restrlcted to the type of field 315-1600 Hz ±2 dB
measurements deemed necessary for highway
noise studies. More sophisticated equipment 2000-2500 Hz ±3 dB
set-ups and methods of data analysis may be
used by persons or groups having more ex- 3150-10,000 Hz ±6 dB
perience or expert knowledge in this field.
[n the classroom coverage of noise measure- For ambient and traffic noise measurements,
ments, a few samples of tape-recorded am~- the A-scale filter of the sound level meter
lent and highway sounds wil! be played, and should be used (do not use B- or C-scale
course attendees will be given an opportuni- filters). The meter s----hould have both a
ty to make noise measurements of these se- "slow" and "fast" meter response movement.
lected sa!npIes.

It is recormaended that the sound level meter
be purchased from a reliable manufacturer

3.] SOUND LEVEL METER FOR NOISE MEASUREMENTS who has been in the field of sound measure-
ment equipment for many years and who has

For several years, the American National an established service organization for
Standards Institute ("ANSI:’) and its fore- taking care of equipment servicing and re-
runner, the American Standards Association pair.
("ASA"), have had suitable specifications
and authority to contro! the acoustical and The Instruction Manual of the sound level
electrical response of sound level meters, meter should be studied carefully while
ANSI Standard SI.4-1971 specifies four types learning to use the instrument, and it
of sound level meters: should be referred to when questions arise

on use, testing, maintenance and care of
Type i Precision the equipment. In addition, handbooks and
Type 2 General Purpose text books are available on noise measure-
Type 3 Survey ment equipment, procedures and data analysisf
Type S Special Purpose

In the general discussion that follows, se-
The Type 2 instrument has performance cha- veral suggestions are made that may be help-
racteristics that are considered acceptable ful in planning and carrying out field mea-
[or ambient noise measurements for FHWA surement work, and that may resolve some
highway noise studies. The Type S instru- problems encountered during field work. This
ment can be used for any special application, is not to be construed, however, as a com-
but it must then meet the appropriate speci- plete set of instructions on instrumentation
fications of one of the other three types, and field testing.
and it must be labeled to indicate which type.
For example, a Type S2A meter would also be In addition to a sound level meter, at least
suitable for highway and ambient measure-
ments, since it would meet the Type 2 spe- *For example: "Handbook of Noise Measurement"
cifications and would contain an A-scale fil- by Arnold Peterson and Ervin Gross (General
ter. The Type 1 Sound Level Meter has a Radio Company, 1972); "Acoustic Noise Measure-
greatur accuracy than required, and the Type ments" by Jens Trampe Broch (Brdel and Kjaer
] Inet~r has a lower grade of accuracy than Company, 1971); "Measurements in Mechanical

Dynamics" by David N. Keast (McGraw-Hill Book
Co. 1967).
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four pieces of auxiliary equipment are re-        The batteries of the calibrator should also
quired for making the desired outdoor mea-         be checked periodically and replaced when ne-
surements: a calibrator, a windscreen, a          cessary. If, at the time of a calibration,
set of head phones, and a tripod (see Sketch      the sound level meter appears to have shifted
3.1).                                                        more than about 3 dB from its last calibra-

tion, this is a clue that something may be
T~ , ibrator is a "mu~t" for all noise mea-    wrong with either the calibrator or the sound

.... ~m~t~. A calibrator is a standardized,         level meter. In this event, check the bat-
.~t~ble sound source that produces a certain        teries again or even replace the batteries,
KnJwn %o~/nd pressure level at the microphone      making sure that the battery contact points
o£ the sound level meLer when the calibrator      are clean. If this does not return the in-
is coupled to the meter. Ir is good practice     strument t~ reasonably correct condition,
~o c~librate the meter before and after tak-      refer to the Instruction Manual for assistance
ing each set of noise data, and to make any       or send the meter and calibrator back to the
~mall adjustments in the "gain" of the sound      manufacturer for a check or repair. It is
level meter to keep it reading correctly. A      fool-hardy to take questionable data.
"small adjustment" might be up to ±i dB. Be-
fore maklng ~ adjustment to the gain of the     A windscreen is a porous sphere that covers
sound level meter, it is suggested that the       the microphone to reduce the wind turbulance
sound level meter have a warm-up time of at       without reducing the sound signal. Without
least 2 minutes and the calibrator have a          a windscreen, even low-speed wind movement
warm-up time of at least one-half minute (or      over the microphone produces turbulence noise
follow the procedure recommended in the In-        that may be greater in level than the quiet
struction Ma~ n~). If a quick check call-         ambient noise that is to be measured. In
bration shows ~,:e~er agreement with the call-      high winds and/or in quiet ambients, false
brator level (within about ±% dB), it is not      sound level readings may by obtained even
necessary to make an adjustment or to wait        with the windscreen in place. To listen for
through the entire warm-up time. Also, be-       wind noise, or other false non-acoustic sig-
fore making any adjustment to the sound le-        nals, a set of well-fitted high-quality,
vel meter, check the battery level of the          high-impedanc~ earphones should be used when
meter. If the needle deflection is below          ambient noise levels are being taken. (Low
the appropriate lower limit line of the me-        impedance headphones load down the output of
ter scale on battery check, new batteries          the sound level meter so that falsely low
should be installed in the sound level meter,     readings are obtained.) The headphones

I \
I I --WINDSCREEN
¯

SOUND LEVEL HIGH-IMPEDANCE
METER " ~ HEADPHONE
ANSI TYPE 2 "
OR EQUAL

P -BOARD
\\ -~=~"~// STOP-WATCH

TRIPOD ~k
~ DATA SHEETS

SKETCH 3. ]
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should be connect.~d to the outlet terminal
or .~’~,~rtorinq terminal of the sound level me-
~ ~r. The headphones should be fitted with
.~r caps t~lat seal out sounds not coming
t;~ough the headphones themselves. Listening
~. sts in the presence and absence of wind
nolse will help une user ]earn to identify
this type of interfering noise. Noise level
r,:a<~ings should not be taken when wind noise
overrides the true ambient levels. In fact,
am~iunt noise readings should be avoided, if
at all possible, during windy periods, be-
cause the wind can cause unreaqonably high
hlgh-frequency noise levels due to rustling
leaves: if trees are nearby, and because the
wind can influence sound transmission paths,
as mentioned earlier in Section i.ii.

Dur~-q periods of high humidity, condenser-
type ~,L[~Dhones produce popping sounds and
the stunt ~,~vel reading is unreliable. The
headphones c~n help identify these popping
sounds al~o. If the pbpping persists and
the relative humidity is known to be rela-
tively high (say, above about 90%), the
sound measurements should be discontinued,
and the microphone stored in a dry place un- /
til normal operation is recovered. /

The tripod is reco~nended as a means for
supporting the sound level meter during
measurements, to free the hands for record-
ing of data. It is normal procedure to po-
sition the microphone at a height of about
4 to 5 feet above the ground for more-or-less
ground Level ("first floor") ambient noise
measurements. H~¢ever, if it is desired that
the measurements also represent building oc-
cupants who live or work at upper floor ele-
vations, it is necessary to take measurements
at those upper elevations. Upper floor am-
bient noise levels may sometimes be as much
as 5-10 dBA above ground level values, de-
pending upon the general geometry of the
area. Ground level sound absorption and
lo~-height barriers tend to reduce ambient
noise levels near the ground, but upper floor Hold the meter perpendicular to a
sites usually have better line-of-sight paths line to the sound source, so that
to the sound sources. In such situations, the sound wave "grazes" the top of
the microphone may be supported outside upper the microphone (hence, "grazing
floor windows, but held out away from the ex- incidence").
terior wall of the building as far as possi-
ble, at least 3 to 4 feet.

A few simple points should be mentioned re- SKETCH 3.~

garding the positioning of the sound level
meter and the meter reader for measurements.
First, the microphone should be oriented re-
lative to the sound source in accordance with
the Instruction Manual, to provide minimum
signal change due to directivity effects of
the microphone and the meter. For most sound
level meters, microphone directionality is
quite uniform when the meter is held or sup-
ported in a vertical position perpendicular
to a line to the sound source (see Sketch 3.2).
For this position, the sound wave passes with
"grazing incidence" just across the top of
the microphone face.
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It is good practice for the person taking SOUND SOURCE OR SOURCESthe readinqs to stand back as far as possi-
ble from :he meter, so thah his body re-
fl.~,-’., m~nimum sound energy back to the me-

.-.o Th~ body will represent minimum fron- \ /ta) area to the sound wave and minimum pos- -
I !         /sible interference with the sound field \ - -- /

near the microphone, if the meter reader \ . /will stand to the side of the meter, some- \
what as shown schematically in Sketch 3.3.

\ /    /Of course, when the ambient is made up of
sound from many possible sound sources com- \ /
ing f~om many directions, the meter reader \

/should locate himself so that he represents
\ ¯a minimum barrier or reflector for the sound /

that is being measured.

Recall, also, from Section l.ll that atmos-
pheric effects may influence sound levels
at any one location. Without fairly sophis- ’ $OOND
ticated meteo~,~ngical field equipment, it LEVELis not possible to know the wind and ther- METERmal gradients that sometimes play an impor-
tant role in the bending of sound waves. METER
Thus, it is wise to include enough readings READER
near and on opposite sides of known sound
sources to know if reasonable values are be-
ing measured.

If there is any question about the validity tPLAN VlEWl
of the noise levels, relative to atmospheric I
effects, additional check readings should be
taken at later times.

SKETCHI3.3
AS shown in Sketch 3.1, a clipboard, a stop-
watch (or a watch with a large readable
sweep-second hand), and a pad of data sheets
complete the auxiliary materials needed for
the ambient measurements. The need for these
materials will become more obvious when spe-
cific procedures are discussed in later sec-
tions of this Chapter.

Some ambient noises vary from day to night;
some ambients differ by the day of the week;

3.2 AMBIENT NOISE and some ambients vary from summer to winter.
Where ambients involve commuter traffic

The "ambient" noise in any area is the "back- routes, these ambients can even vary by the
ground" noise made up of all the natural and hour.
man-made noises generally considered to be
contained within the acoustical environment For purposes of highway noise studies, am-
of that general area. Near an airport, the blent noise measurements are taken in order
ambient may include aircraft noise, either to est~olish a base for existing noise con-
from nearby flights or from ground operations ditions. This makes it possible to have a
at the airport. Near a railroad track, the reference for comparison when roadway chan-
ambient may include frequent or occasional gem, improvements, or new highways are con-
train passages. Near a fire-station or a templated for an area. The difference in
hospital, sirens may be a part of the aoous- noise levels "before" and "after" the change
tical environment. In or near industrial gives an indication of the ~ of the
areas, various kinds of industrial noises noise on the area affected. In addition,
make up large parts of the total ambient. In the number of people, or residences, or
suburban and rural areas, barking dogs, rust- acoustically sensitive buildings in the
ling leaves, chirping birds, and crickets area affected by the change represents ano-
may be a significant part of the ambient, ther dimension of the extent of the impact.
Near lakes, motorboats in the daytime and Of course, it is desirable that the highway
"peepers" and frogs at night may be a part changes have minimum impact on the area; it
of the ambient. Near school grounds, re- is the intent of PPM 90-2 to minimize impact
creation areas, parks and swimming pools, by highway design considerations, and it is
children’s voices may be a part of the am- the purpose of this textbook and course to
blent. Similarly, near streets, major provide data and procedures for helping the
arteries, and highways, traffic noise may be highway designer and planner to carry out
a part of the ambient, this objective.
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So, tn order to nave a fair reference base A relatively slow private piane at its cruis-
f,~r the "b~,fore" or existing co~ditions,-~-~ ing altitude or a commercial airliner at its
~:pretcntative collection of ~bient noise cruising altitud~ can be the dominant sound
~l~ ~ .~.~st b~ ~aken. Perhaps, one of the in a very quiet background for a limited

. ,]ifficult questions to be faced is: time. Sho,~id i~ be included in the
.,.h, s~ould be measured and what should not reading? This is one of the more difficult!
~,’ ~eas~red as ~b[ent nois~? Should a questions. Aircraft noise is co~n~lace
c. ~rping bird, L~rk~ng dog, fire-engine si- almost everywhere, but for some "out-of-t[~e-
r<*n, aircsaft f~./~v,]r, jackhammer, snow-~o- way" places that are not at all n,~ar princ[-
~ile, motor boat, forging hammer, policeman’s pal air’traffic routes, aircraft fl~,overs
~hlstle, screeching brakes, bu:~ start-up, or do not occur frequently. Yet, one such
{’iledriver be included? Should the crickets, over during a 10-m~nute meniteri;~g period
r,/stling leaves, screaming children, or a could completely dominate the peak noisu and
~.~ighbor’s loud ra~io or hi-fi be measured? establ[sh the L,0 noise level. That would
S!~ould a single car passing along a quiet not appear reasonable; whereas along princi-
resi.]ential street, but near the sound level pal air <.~affic routes, a few aircraft per
meter, be m~asured? Should the mail truck, hour might pass by, and so that noise would
or the school bus, or the garbage pick-up appear to be a reasonable part of the: a~}i~2nt
truck, or a passing dump truck be included of the area. For such types of nois~#s, it is
in the ambient? Each of these may be a fair- wise to record the noise level (using a spe-
ly ne~,~.[ sound at one time or another, at cial designation such as "a" for aircraft,
one place .,_ another, or "t" for truck, or "d" for dog, or "s" for

siren, etc.) duming each monitoring time in-
The answer to ~h,= above questions must be pro- terval (to be discussed in a later sectios),
vided by t~’.. person taking the data. The and to determine later if that noise is
real question to be asked and answered first presentative or not. For example, while
is: Is it representative? setting up the equipment, be aware of the

sounds in the area; begin to decide what
If a house is being built on the last availa- sounds seem typical, begin to form.]late the
ble lot in several blocks of residentia! area, symbols -- the "a’s", "t’s", "d’s", etc.--
the ~a~ering and the power saw and the dump to be used for special sounds. If an air-
truck removing debris probably are not repre- craft passes over during the first monitoring
sentative of continued sounds in that area, period, stay for a second monitorin~ period;
so those sounds should not be considered as and then while preparing to leave the site,
representing long-time ambients and they continue to be alert to possible repeat
should not be measured. A fire-truck siren events. This will give some assistance in
in a quiet residential area may be the most helping decide what sounds are representa-
exciting outdoor sound all day, and it is a tive. A further note on aircraft noise:
completely reasonable sound, but fire trucks you will undoubtedly be making several mea-
make rather infrequent visits into residen- surements in a general location; that will
tial areas (remote from fire stations), and give additional time to learn if flights
that sound would not be representative and are common or unusual.
perhaps should not be measured for that par-
ticular area. Yet, near a fire station or Finally, of course, near highways, traffic
near a hospital, with frequent emergency am- noise is a significant part and sometimes
bulance arrivals, sirens may be quite com- a controlling part of the ambient nols~.
monplace and should be. measured as a real This should be measured at appropriaLe lo-
part of the environment, cations and times, as discussed next.

Near industrial areas of long-standing, in-
dustria! noises of either day or night oc- 3.3 S£LKCYION 0~ M£AtUR£MEN~ 5~I£5
currences should be included in the ambient AMBIENT N01S£
of that area. The sounds of a passing school
bus or a garbage pick-up truck are completely When selecting measurement sites, ke~p in
reasonable in a community. But are they re- mind that the objective of the ambient noise
presentative of the ambient environment to survey is to collect the information required
be described? Do they occur every hour? to assess the impact of the new highway pro-

’ ject on the community in terms of the expec-
If a dog starts barking at you because you ted change in the noise environment. Th~
have set up your noise measurement equipment " noise report will have to describe this im-
in his front yard, you are a part of the pact in a way that is sufficiently detailed
cause of the noise and that dog’s barking and specific, but also in a way that pre-
should not be measured, sents the results in summary form from which

the reader can easily draw meaningful con-
If the wind blows so hard that rustling clusions. The noise level cannot be mea-
leaves produce controlling sound levels, sured at every point in the study area. Fur-
measurements should be discontinued at that ther, separate descriptions of the expected
site until less wind and less noise is pre- noise impact for every point in the study
sent. area would be more information tha[~ the

port reader could assimilat~ in ~,~ mind.
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All especially noise sensitive locations            All of these ambient noise levels should be
should be studied separately and in detail,        identified as to exact location, and includ~:d        ~-~
But, for most projects covering ~ land         in the final Noise Report.
areas, a way has to be found to divide the
:~ ~’ ~    rea into representative sections with-     b. R~esidential Areas. This category includes
... ~c" of which the noise environment can        primarily the ~laces where people l~ve, re-

!:e t~’pified by a single, or a few noise             lax, and sleep; namely, their homes. In ad-
m~asu.u~%ents. For th$~ noise report, the            dition to private residences, it includes
study area must a!so De divided into repre-        apartment buildings, hotels and motels, nurs-
sentative sections within each of which the        ing homes," etc. Several city blocks of an
:m[~act of the new highway project can be            area may be involved, so it is necessary to
t~q--~f~=-~ed by a single number, or a range of         select representative sites that are m~aning-
numbers, indicating the change in the noise       ful. Meaningful site selection requires the
environment. The engineer will find the ob-      general knowledge of the existing and future
jectives of the ambient noise survey better       noise sources provided by the preliminary
served if he tentatively divides the study         noise contour estimates. If the residential
area into ~he above representative sections       area is too large to be typified by a single
before selecting his measurement sites,              ambient noise level or a single range of le-

vels, it should be subdivided into appropriate
Land use maps should be used in this planning     smaller areas.
phase to An].D identify the present noise
sources in th~ .~ea. The traffic noise pre-      For example, a large residential area near an
diction methods discussed in Chapter 4 can         existing traffic arterial may be broken down
be used to get a rough approximation of the        into three groups of sites: one group loca-
existing noise environment due to traffic,         ted at the edge of the area adjacent to the
and to estimate the noise levels expected from    existing highway where the ambient noise is
the new highway project. Preliminary noise       clearly due to the highway traffic; a second
contours for both the existing noise environ-     group located toward the interior of the re-
ment and the new highway project noise can be     sidential area where the arteria! traffic is
sketched on the land use map. From this data,    still a major factor in establishing the noise
those noise sensitive locations can be iden-       environment, but other noises of the com-
tified where impact is likely. Also the study munity are beginning to make significant
area can tentatively be divided into smaller      contribution; and a third group deep enough
areas throughout which the existing noise          into the con%munity that the only noise mea-
environments are approximately uniform, and/      sured is from the community itself, and per-
or the anticipated noise impacts are approx-      haps very distant traffic and aircraft. At          ~-~
imately uniform. Measurement sites should be     the conclusion of the measurement survey,
distributed within these representative areas      the ambient noise environment in the com-
as required,                                               munity can be summarized by the noise levels

typical of these three areas.
Essentially, for most highway projects (ex-
cluding those through dense urban areas),           The precise location of the measurement site
four general categories of measurement site~       is determined by the answer to the question
areas can be defined as described in the fol-     posed in Section 3.2 above, regarding the
lowing oaragraphs,                                          determination of what constitutes ambient

noise: Is it representative? Just as the
a. ~specially Critical Noise-Sensitive Sites. ~ambients to be n~asured should be represen-
Schools, hospitals,’and pia~’e~ ~-f worship are      tative, so also should the sites be repre-
three specific types of buildings that must        sentative. Site selections that are so
be sought out for ambient measurements in           unique as to appear to show bias one way or
any neighborhood. These sensitive areas re-       the other are to be avoided. Fair represen-
ly strongly on the malntenance of adequate          tation is essential. For the residential
quiet to be able to carry on speech communi-       sites, it is preferred that ambient measure-
cation indoors (and to some degree outdoors        ments be made in the locations where human
as well) and to have minimum disturbance of        use typically occurs, i.e., in the front or
sleep. School playgrounds and parks and cer-     back yards, (as appropriate) of the houses                 ¯
tain civic or commercia! interests, such as        or buildings selected, usually within 10 to

20 feet of the building. The exact locationoutdoor theaters, outdoor music shells, out-
door sports arenas, recreation parks, etc.,        will make little difference for most of the
have need for consideration of the effects         ambient levels but it can make a difference                ¯

on noise levels arriving at the sound levelof noise on the functions they serve,                meter from vehicles on the road or street

Specific measurement sites should be located      only a short distance away.
at the side of the building or along the side     c. Sites Near Noise Sources. A number of
of the outdoor area that will face the pro-        site~ should 5e s~ecifically selected near
posed roadway. Additional sites may be se-        noise sources in the study area. These sites
lected on more remote parts of these land          serve to help calibrate and refine the pre-
spaces if future noise may be of concern            liminary noise level contours. Several sites
there also. Remember the importance of tak-       should be selected having as nearly as possi-       ~-~
ing upper floor outdoor readings, also, as         ble full view of any existing major roadways
mentioned in Section 3.1.                                 in the area. These measured values can then
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be compared with the eitimated levels for 3.4 SELECTION OF MEASUREMENT TIMES FOR
those p~,sitionu. It wi~! be grafit~’ing to AMBIENT NOISE MEASUREMENTS
£i~,~ ~m :ierate].y good agreen~nt (say, with

BA) between the measured ,~nd calculated The design noise levels given in Table 1 of
[’ ~, .~ad it will lend confidence to the Appendix B of PPM 90-2 (reproduced as Table

....~:.,~eer and credence to the method. In fact, i.i0 on page i--36 of £his text) are based on
,’" ~e measured l~.vels and calculated levels L~0 levels for the design hourly vol,;me of
do not agree r,~asonably well (and if it is traffic. For comparison purposes, tLen, ~his
clear that the e~bients are largely made up suggest~ that as many measurements as possi-
c." known tlaffic noise), this is an indication ble should be made at or near current peak
that either the calculated values do not pro- hourly vol~mes. W~en this is done, the "be-
perly represent the operational data or the fore" and "after" co~nparisons are mo:;t mean-
measured levels do not correctly reflect the ingful because a mini,hum ef other adjust-
~raffic, and that some unusual effects should ments are me~e to the data. Howeve~~, whun
be sought and explained, current trazfic flow rates are quite variable

from hour to hour and from day to night, it
If the special sites near the road h~e yield- is net practical to wait many days just for
e,~ good agreement between measured and calcu- measurements to be made at those peak ho~Ir
fated levels, calculations should also be at- conditions. Thus, as a practical matter, it
tempteu ~or a few of the sites measured under is usually necessary to take many ambient
items ~ ar~ ~ ~bove. It adds strength to the readings at off-peak traffic conditions and
prediction mec~od to be able to show that it attempt to make reasonable extrapolations to
confirms exi~Llng measured conditions. Of the current pea];-hour traffic or to expected
course, th~ ~9reement will become poorer as future conditions.
one penetrates into the deeper parts of the
community because other sources may begin to When ambient measurements are made during
control, and the prediction method is too off-peak periods, and it is known that the
general to handle all the variables of spe- noise is largely attributable to traffic on
cific locales, the highway in question, it is possible with

the Chapter 4 procedures to calculate rough
If other sources are known to contribuue to L~0 estimates for the nleasured off-peak flow
the ambient noise in any of the community io- (assuming the traffic count is known) as
cations, it is desirable to locate those well as for the probable peak flow rate.
sources and make noise measurements at one This calculated difference can then be ap-
or two sites having essentially full view plied to the actual measured off-peak con-
of them. Then, using the general outdoor dition to obtain a reasonable estimate of
noise reduction effects with distance (dis- the peak condition. The current peak hour
cussed .in Sections I.i0 - 1.14), estimate noise can then be compared with the calcu-
the drop-off of that noise as it penetrates lated or predicted future design hour noise.
into the community and check its calculated
levels against the measured ambients where By the sa~e general approach, ambient read-
it was heard and known to exist. Again, it ings at peak daytime flow can be compared to
adds strength to the study to be able to nighttime average or minimum flow, giving a
show agreemen~ between actual measured and general trend between daytime and nighttime
estimated levels, and it shows that sources ambients.
other than highways sometimes influence the
acoustic environment. Thus, through this process of adjustment, it

is possible both by calculation and by mea-
d. Remote Areas for "Noise Floor". Select surement to arrive at reasonable estimates
several sites ~n areas that are remote from of traffic noise that varies over a range of
obvious and identifiable existing noise peak tooff-peak or day to night traffic vo-
sources. These sites will probably yield immes. For these adjustments to be fairly
the lowest ambients (or the "noise floor") accurate, it is necessary to make a traffic
of the area. This noise floor should repre- count simultaneously with the measured ambient.
sent the quietest regions in the whole are~
under consideration. To illustrate the procedure, suppose that a

set of ambient noise measurements is made at
It does not matter whether the ambient is due a given location near a highway and that the
to natural or man-made sources. It is desir- L~0 level is found to be 71 dBA for a mea-
able to identify on the data sheets the sured off-peak flow of 2420 autos and 163
sources of the sounds that are heard at these trucks per hour. Suppose that by calcula-
positions, tion (a Chapter 4 prediction method), it is

found that the peak hourly volume of 3800
If the noise environment differs so greatly autos and 420 trucks per hour will produce
within the area that it cannot be typified approximately 3 dBA greater L,o than that
by a single ambient noise leve!, or a single calculated for 2420 autos and 163 trucks
range of levels, the area should be subdivided per hour. This suggests, then, that for that
into smaller’ representative areas that, to- particular measurement site a peak-hour flow
gather, can s~m~marize the situation for the would yield an L,0 level of approximately
whole area. 71 + 3 = 74 dBA.
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Comparis:~n of peak and off-peak measurements        6.    Be aware that rustling leaves, katydids,
and ’".icelations are also valuable because                  cr£ckets, peepers and bird chirps are
÷ ~ sho,.z how much the L~0 values may be ex-              ’rich in high frequency noise (influenc-
~.:c~...~d uo drop below the peak values for                   ing the A-scale readings), and may give
~5~[ta[m parts of the day or night. For ex-                 false readings when other ambient sour-
ampule, if peak hour com~uter traffic is cal-               ces are presumably being measured (Sec-
culated or measured and found to produce an               tions i.ii, 3.2).
I0~ level of 68 dBA in a given community lo-
cation, and nighttime L~0 levels are calcu-          7.    When setting up for ambient measurements
fated to be 8-10 dBA below this value, it.                   at each site, listen for the sounds of
can be predicted with moderate confidence                   the neighborhood and make a list of
that nighttime L,0 levels may range 58-60 dBA.            those to be considered reasonable and

represer~tative as opposed to those that
In the ambient survey, a number of off-peak                are not (Section 3.2).
ambients should be specifically included
where critical nighttime conditions exist,           8.    Select ambient measurement sites to meet
and where these off-peak hours are the most               the four categories listed (Section 3.3).
important ’imes of day for some of the noise
sensitive locat~ons. These measured results        9.    Outdoor ambient measurements should be
should then be c<~mpared to estimated levels               made.at upper floor elevations if those
for the same traffic volumes to further es-               elevations represent inhabited spaces
tablish the validity of the overall analysis               (Section 3.1).
system.

10. Select ambient measurement times to co-
incide with peak hourly volumc of traf-

3.5 CHECKLIST OF "D0’S" AND "DON’TS" IN                      fic for key sites, but also include
NOISE MEASUREMENTS                                               off-peak and some nighttime measurements

(Section 3.4).
By way of summary of many earlier suggest-
ions, this list of practical reminders is            ii. Repeat some ambients at a later time
offered. For reference purposes, the loca-                 (several days later) as a check against
tion in which the suggestion appeared is                   the first data and as a test of whether
given in parenthesis,                                            or not unknown atmospheric effects may         --~.

have altered significantly some of the
1.    The minimum required pieces of noise                   data (Sections l.ll, 3.1).

measurement equipment are: a sound
level meter, a calibrator, a pair of            12. Follow carefully the measurement rou-
headphones, a windscreen and a tripod                 tines given in the material that fol-
(Section 3.1).                                              lows for determining and testing the

validity of the L~ levels (Section 3.6).
2. A-scale sound levels are specified.

The "slow" meter response will be
used for most measurements, but the
"fast" response may be used on oc-
casion to obtain short samples of
desired sounds in the midst of un-
wanted interfering sounds.

3.    Meter calibrations Should be made be-
fore and after each set of measure-
ments (Section 3.1).

4. When reading the meter, stand back away
from the meter as far as practical and
place the meter and your body in such
a way as to represent minimum inter-
ference with the sound field (Section
3.1).

5. Avoid noise measurements in high winds,
during rain, and at times of very high
humidity if the microphone produces pop-
ping sounds (Sections I.ii, 3.1). Tire
noise on wet streets has a higher-than-
usual amount of high frequency noise
and could produce misleading results
(Section i.ii).
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3.,: ~;OibE MEASUREMENT PROCEDURE should be worn at all times. The meter
should generally be set on "slow ~esponse"

’?r,~.~ .,ection describes a suggested method for (see paragraphs 3.1 and 3.7 for exceptions).
.~cas~ring the L~0 noise leve! in "real time"
(WLtnout the need ,~:f tape recording equip- b) Procedure

ment) .
¯ Every ten seconds, on the mark, read

The statistical Dasis for calculating the A-level from the sound level meter. For
confidence limits and accuracy follows in an this survey technique, the A-levels are
appendix to this chapter. No assumptions grouped into "windows"    each two dec!-
concerning the time pattern of the noise are be!s wide (see the data sheet, Figure 3.1).
made. (The noise is not assumed to be Gaus- The range of noise levels between 50 and
sian.) 60 dEA, for example, is divid~:d into these

windows: 50-52 dBA, 52-54 d~A, 54-56 dDA,
a) Setu~ 56-58 dBA, and 5~-60 dBA.

A sugg,~:ted setup for the instr~nentation is ¯ Record the A-level on the data sheet as a
describe~ [=re (see Sketch 3.1): The sound check-mark in the appropriate window.
level meter £:, mounted on tile tripod so that Work from left to right within each win-
the person taking the readings has both hands dew, as shown in Sketch 3.4.
[ree. A watch (or stop watch) is strapped to
the top of a clipbolrd holding the data ¯ After 50 samples (8 minutes, 20 seconds),
sheets (Figure 3.1). With the clipboard in test the samples by the criterion ~Ris-
one hand, the sweep ~cond-hand can be watched, cussed below. If the samples meet the
and the A-level recorded on the data sheet criterion, then the measurement is com-
every ten seconds. The earphones, which are plete. If not, then another 50 sample!
connected to the sound level meter output, must be taken and the test repeated.

8 -(

NO~SE ~0 20 ~ ~0 50
LEVEL
(dSA) SKETCH 3.4
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c) Evaluation and Criterion                                   requiring further sampling. However, if the
criterion is still not met after, skewing,

~ft<’r ~.- ~ ]roup of 50 samples has been taken,             then another 50 samples must be taken, and
h.    ~;~ow;~.g test is made:                                      so on.

CoL~nting down ffrom the top of the data
sheet (and from le~t to right within each             d) Results
window), circle the "test samples" shown
in the accompanying table.                                  Once the test criterion has been met, then the

Lio has been determined with 95 percent confi-
For instance, after 50 samples have been ta-          dence to fall between the upper and lower er-
ken, then the ist, the 5th, and the 10th sam-        ror limit test samples.
ples from the top are circled. These three
test samples constitute the L,o, flanked by           The final step is taken by assigning A-level
its upper and lower error limits,                       values to the three test samples. [t is not

possible to know exactly what noise level
¯ Criterion: If these three test samples                each of these three check marks represents,

ffall into three contiguous windows, then               since this information was lost when the two-
the measurement is complete. Otherwise,               dBA window was chosen. To be conservative,
another 50 sampi~s must be taken and                    A-level values are assigned to ovhrestimate
tested again. {Sometimes the test sam-                 the error. This is done by choosing the
ples will be even more closely packed,                  highest A-level in the upper limit window
falling into only two (or perhaps just                  and the lowest A-level in the lower limit
one) contiguous windows. In these cases,              window. For uniformity, the L~o is chosen
the criterion is also met.)                                to be the center of the L,~ window. For ex-

ample, in Sketch 3.4 the results would be
¯ If 100 or more samples have been taken, a              stated as follows:

process called skewing is allowed. By                      L,0 = 49 dBA, within maximum limits of
this process, the two outer test samples                                     46 dBA and 50 dBA
(the error limits) can be shifted by one
sample (not one window), both in the same              In another notation,
direction. +IL,~ = 49 -3 dBA
For example, if the criterion is not met after
100 samples by testing the 5th, 10th and 17th
samples, the criterion can be tested with the        In Figure 3.2, a more complex sequence of
4th, 10th and 16th samples or the 6th, 10th           ambient readings is shown - in 50-sample in-
and 18th samples. Although this skewing pro-        crements. As can be seen, the error window
cedure will not change the L~ value - nor will     becomes progressively narrower the more
it change the number of samples between the           samples are taken. Note that the test sam-
upper and lower error limits - it can some-          ples have been skewed downward for the 100-
times provide the necessary accuracy without         sample test.

TABLE OF TEST SAMPLES

Total Number Upper Error Lower Error Allowable
of Samples Limit Llo Limit Skewing

50 ~ sample 5~ sample lOt~ sample nolle

I00 5~h 10~h i7~h one

150 8th 15th 23~d one

200 12th 20th 29th one

2~0 16th 25th 35t& one

300 20th 30th 418t one

350 25~h ,~5~h 47~h ,)~e
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3.7 MEASUREMENT ~II~ITS 3.8 MATHEMATICAL BASIS

.’~ Attenuator ~etting An examination of Figure 3.2 visually indi-
cates the meaning of the Lz0 noise level.

G~ p~epared to make quick changes in the at- Graphically it is apprent that the noise cx-
te~.~ator setting o£ the sound level meter as ceeded the L,0 for i0 percent of the time.
trucks or cars, passing quickly by, cause Notice that the tQtal time period was of Do
significant changes in sound levels. For importance in determining the L~0. Whatever
example, a close truck passby may cause the the time period is, the L,0 is exceeded for
noise level to rise quickly from 70 dBA to 10 percent of the total time.
90 dBA. In this case, you should anticipat~
the higher level and shift the attenuator For any time period, we wi’~h to s emple the
ahead of time. After a bit of practice, you noise to determine the L~. If we sample it
should be able to anticipate the attenuator continuously, then we obtain the exact
setting that will be required when the second for that time period. If we do not sample it
hand of the timing watch reaches its 10-second continuously - but at 5- or 10-second inter-
point. It is better to lose some 10-second vals, for instance - then we ~obtain only an
readings off the bottom end of the scale than approximation of the exact L,0 for that time
off th.~ top. The readings missed off the top period. The error involved depends upon th~
of the seal. ~re more likely to be important number of samples we take. The more samples,
in determinin~ ~ne (near-peak) L~0. the less error.

b) Fast Meter ~esponse The mathematicians can tell us our error ~if
we sample in the proper manner. The most

Sometimes certain noises will not be consi- straightforward sampling procedure is to sam-
dered part of the ambient to be measured (see ple randomly, i.e., to space the samples ran-
Section 3.2 above). When this is the case, domly over the total time period. This is a
it is necessary to read between these noises, very inconvenient procedure to follow in the
If one of these noises contr~ the noise le- field. Luckily, the mathematics is equally
vel at a 10-second mark, then the mark is valid if the sampling is performed at ~
skipped and no reading is taken until the next time intervals, say every 5 or 10 seconds,
mark. The "metronome" character of the i0- provided the noise level itself varies ran-
second marks should be retained, since it is domly; we are going to assume it does in com-
important to avoid introducing operator bias puting our measurement error. Because this
into the sampling procedure, assur, ption is not strictly correct, the actual

error is less than computed; so we are erring
Erroneous readings due to some unwanted on the sa e~--~ide.
noises, such as wind noise on the microphone
or barking dog noise, are d~fficult to avoid. The ful! mathematical basis for determining
For this type noise, it is recommended that the measurement error is contained ~n the ap-
the meter be switched to the "FAST" response, pendix to this chapter. It requires uniform
On this response, the meter will quickly set- sampling, i.e., spaced e~ually in time. The
tle back to the ambient noise level between procedure then predicts the 95 percent confi-
wind gusts or dog barks, to allow readings dence limits of the L~, independent of the
on intermediate 10-second marks, character of the noise fluctuations. (The

distribution does not have to be Gaussian,
Remember that the measured L~ is the L~ for instance.) All that is of importance is
for the measurement time period only. For the number of samples taken. The more samples,
example, if 100 samples were taken before the greater the accuracy.
the criterion was met, then the noise was
sampled over 1000 seconds (approximately 20
minutes). The LI~ pertains to that 20-minute
period only. It says nothing about the prior
or subsequent time periods. For this reason,
it may be desirable to collect further sam-
ples, to extend the total time period. As
discussed above, the accuracy depends only
upon the number of samples taken. Therefore,
if it is desired to sample over a longer time
period, then the sample interval may be
changed to 20 or 30 seconds, to save work.
In this manner, a smaller number of samples
will be spread uniformly over a longer time
period, that might more realistically be said
to typify the measurement site.
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AMBIENT NOISE SURVEY
DATA SHEET
POSITION:
ENGINEER: JOB NO.
DAY OF WEEK: DATE: ... TIME: BEGIN FINISH"

CAL: BEGIN_ FINISH:
NOTES AND SKETCH: SKY:

WIND:
dBA L~o: .....
LIMITS,dBA: __

0-

6-
4-
2-
0-
8-
6-
4-
2-
0-
8-
6-
4-
2-
0-
8-
6-
4-
2-
O-

NOISE tO 20 ~0 ~ 50
LEVEL
(dBA) NUMBER OF OCCURRENCES

FIGURE 5.1
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(a) AFTER 50 SAMPLES

Llo

LNEOvI SE IO 20 30 40 50EL
NUMBER OF OCCURRENCES

(b) AFTER 100 SAMPLES

~o L,o = ~I~ ~.~
8-0

? o-~
~-0

&o-~
8-0

~o-~
8-0
~-8

8-0
6-8
4-~

LN~vl SE I0 ZO ~0 40 ~0
~L

{dBA} NUMBER OF OCCURRENCES

FIGURE 3.2 SEQUENCE OF AMBIENT READINGS - IN 50-SAMPLE
INCRZMENTS
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(c) AFTER 150 SAMPLES
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NOIS~ IO ~O ~ ~ ~OL~V{L(dBA) NUMBER OF OCCURReNCeS

(d) AFTER 200 SAMPLES - CRITERION MET
L,o - q7 +--~

NOISE IO " "2~3" ~O 40 50
LEVEL(dBA) NUMBER OF OCCURRENCES

FIGURE 3.2 (continued)
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APPENDIX
METHOD OF DETERMINATION OF CONFIDENCE

LIMITS AND COEFFICIENTS

Assume that a total of n statistically ±nde- are higher than Lp is the probability of
pendent noise levels ~ have been measured act°ly k "successes" in a set of n Bernoulli
from the same population. Assume, further, trials, where the probability of the "success"
that th~ e noise levels are ordered accord- of a single trial is p. In such a situation,
ing to thei~ ~Gnitudes, and let the sequence the probability of k successes is
of these ordered levels be denoted by
~.~.... Zn, where the highest measured level (~) pk(l-p)n-k (2)
is denoted by ~ ~ and the lowest is denoted v! ’
by Zn. where

= (n-k) :k:’ " (3)
Let Lp denote the pt~ percentile noise level
as determined by the infinite population from
which the n samples have been drawn. Lp is Thus, the probability of the above described
defined by, compound event is obtained by summing the pro-

babilities (2) for k=r, r+l, ..., s-2, s-l;

L! f(Z)dZ = p,
(i) that is

where f (Z) is the probability density func- l~r,~r>Lp>I Zs~ k[ pk (l-p )n-k
(4)

=r
tion of the noise levels from which the sam-
ples have been drawn. Thus, the probability
is p that a randomly drawn sample will have Equation 4 expresses the probability that
a level ~ higher than the level Lp. The pro- at least r but less than s noise level mea-
blem is to estimate Lp, for a given value of surements fall above the level Lp. Notice
p, from a finite set of ordered samples ~,, that at no point have we made any assumptions
~,...~ ~ . about the form of the noise level probability

n                                                     density function f(Z) ¯

Assume that n samples have been drawn and or-
dered as described above. Consider the event

L ~3Zr, Lp>~.s where r<s; that is, the event that
Let us now designate Pr by "~; i.e.,

the r~a noise level is higher than Lp and
the sth noise level is lower than LD. This

[ 1event is equivalent to the compound-event
Prt~r>Lp>~s~    = ¥ "

(5)
that exactly r measured levels are higher
than Lp or exactly r+l measured levels are Then, by definition, y is the confidence co-
higher than Lp or ... or exactly s-2 measured efficient that the r~ and sth measured le-
levels are higher than LD o~ exactly s-i mea- vels satisfy the relationship £r>Lp.Zs; Zr
Sured levels are higher %hen Lp. These events and Zs are known as the upper and lower con-
are mutually exclusive; therefore, the probe- fidence limits for the p%~ percentile noise
bility of this compound event is the sum of level Lp.
the probabilities of the individual events.
Now, according to Eq. i, the probability is Table 3.1 lists values of y for selected sets
p that any one noise leve! measurement is lar- of values of n, r, and s, where all values
ger than Lp. Since the measured levels are listed are for the case where p = 0.I0. The
assumed statistically independent, the probe- values were computed using the right-hand side
bility that exactly k of the measured levels of Eq. 4.
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TABLE 3.1 - CONFIDENCE COEFFICIENTS

Number of     Lower Error     Upper Error       Confidence
Samples, n     Limit, r        Limit, s       Coefficient,

350            24            46             0.949

350           25           47            0.950

350           26           48            0.944

300 19            40             0.952

20            41             0.957

300           21           42            0.955

250           Z5           34            0.950

250            16            35             0.956

250            17            36             0.952

200            ii            28             0.949

200           12           29            0.956

200            13            30             0.952

150             7            22             0.950

150            8           23            0.960

150             9            24             0.955

lO0           4          16           0.952

i00            5           17            0.956

i00            6           18            0.932

50 i           i0            0.970

50 2           lO            0.942
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APPENDIX

METHODOF DETERMINATION OF CONFIDENCE

LIMITS AND COEFFICIENTS

Assume that a total o£ n statistically inde- are higher than Lp is the probability of ex-
pendent noise levels Z have been measured actly k "successes" in a set of n Bernoulli
from the same population. Assume, further, trials, where the probabillty of the "success"
that th,-." e noise levels are ordered accord- of a single trial is p. In such a sitqation,
ing to theiz :’%gnitudes, and let the sequence the probability of k successes is
of these orders!:’[ levels be denoted by
Z~ .... Zn, where £he highest measured level {~) pk(l_p)n-k
is denoted by Z, and the lowest is denoted , (2)

by ~n. where

= (n-~) !k’!" ° (3)
Let Lp denote the pt~, percentile noise level
as de%ermined by the infinite population from
which the n samples have been drawn. Lp is Thus, the probability of the above described
defined by, compound event is obtained by summing the pro-

babilities (2) for k=r, r+l .... , s-2, s-l;

L! f(Z)dZ = p,
(I) that is

where f(~) is the probability density func- Prll~r p s = k=r
tion of the noise levels from which the sam-
ples have been drawn. Thus, the probability
is p that a randomly drawn sample will have Equation 4 expresses the probability that
a level [ higher than the level Lp. The pro- at least r but less than s noise level mea-
blem is to estimate Lp, for a given value of surements fall above the level Lp. Notice
p, from a finite set of ordered samples ~, that at no point have we made any assumptions

¯ about the form of the noise level probability
~ .....

Zn
density function f(~).

Assume that n samples have been drawn and or-
dered as described above. Consider the event

L]FZr>Lp>Zs!
Zr>Lp>~s where r~s; that is, the event that

Let us now designate Pr by y; i.e.,

the r~ noise level is higher than Lp and
the s~h noise level is lower than Lp. This

L[ >LP>~s]j =
event is equivalent to the compound-event Pr ~r "i                .
that exactly r measured levels are higher
than Lp or exactly r+l measured levels are Then, by definition, y is the confidence co-
higher than Lp o~ ... oP exactly s-2 measured efficient that the r~ and sth measured
levels are higher than LD o/- exactly s-i mea- vels satisfy the relationship £r>Lp-~’s;
Sured levels are higher %hen Lp. These events and Zs are known as the upper and lower con-
are mutually exc~uslv_; therefore, the probe- fidence limits for the p~ percentile noise
bility of this compound event is the sum of level Lp.the probabilities of ~he individual events.
Now, according to Eq. i, the probability is Table 3.1 lists values of y for selected sets
p that any one noise level measurement is far- of values of n, r, and s, where all values
~er than Lp. Since the measured levels are listed are for the case where p = 0.i0. The
~ssumed statistically independent, the probe- values were computed using the right-hand side
bility that exactly k of the measured levels of Eq. 4.
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TABLE 3.1 - CONFIDENCE COEFFICIENTS

Number of Lower Error Upper Error Confidence
Samples, n Limit, r Limit, s Coefficient,

350 24 46 0.949

350 25 47 0.950

350 26 48 0. 944

300 19 40 0.952

3~N 20 41 0.957

300 21 42 0.955

250 15 34 0.950

250 16 35 0.956

250 17 36 0.952

200 ii 28 0.949

200 12 29 0.956

200 13 30 0.952

150 7 22 0.950

150 8 23 0.960

150 9 24 0.955

i00 4 16 O. 952

i00 5 17 0.956

i00 6 18 0.932

50 i i0 0.970

50 2 i0 0.942
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SAMPLE NOISE MEASUREMENTS

AUTO PASSAGE (Recerd Peak Sound Level during repeated passes)

Slow:            ,             dBC                      ,             dBA

Fast:              ,               dBC                 .       ,               dBA

2. TRUCK PASSAGE (Recerd Peak Sound Level during repeated passes)

Slow:             ,              dBC                       ,              dBA

Fast:             ,              dBC                        ,               dBA

3. PILE DRIVER (Peak Sound Level during continuous operation)

Slow: ~         ,,              dBC                        ,               dBA

Fast:              ,               dBC                         ,               dBA

4. DOG BARKING (Record Peak Sound Level in each series of barks)

Slow: ..... ,              dBC                        ,               dBA

Fast:            ,             dBC                      ,             dBA

5. BIRD CHIRPS (Record Peak Sound Level of various calls)

Slow:              . ., ..... ,                  ,                  ¯                    dBA

Fast:                 ,                 ,                 ,                 ,                  dBA

6. CONDENSER MICROPHONE "POPPING" DUE TO HUMIDITY
(Do not record; listen only)

7. AUTOS ON WET STREET
(Do not record; listen for high frequency noise)

8. WIND NOISE ON MICROPHONE

Slow:           ,            dBC                    ,            dBA

Fast:             . ,               dBC                   .     .,               dBA

9. RECORD TRAFFIC NOISE BETWEEN WIND NOISE BURSTS

Slow: (all dBA)             ,            ,            ,

Fast: (all dBA) ....... ,            ,            ,

lO. TRAFFIC NOISE (Record "Snapshot" Reading every lO seconds)
Use Slow, A-Scale:
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AMBIENT NOISE SURVEY
SHEET

POSITION"
ENGINEER: JOB NO.
DAY OF WEEK" DATE" .TIME: BE(~IN FINISH:

CAL: BEGIN FINISH:
NOTES AND SKETCH: SKY:

WIND:
dBA LIo:
LIMITS, dBA:

Total # Upper LI0 Lower
Samples Limit Limit

50 Ist 5th
I00 5th 10th 17th
1 50 8~h 1 5th 23rd
200 1 2~h 20~h 29th
250 16th 25th 35th
300 20th 30th 41st
350 25th 35th 47th

sample from the top

4-6
2--4
O-2

NOISE I0 20 3    l~ 30 40 50
LEVEL "
(dSA) NUMBER OF OCCURRENCES
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CHAPTER 4

TRAFFIC NOISE PREDICTION

The material presented in the first three speed sound of automobiles may be attenuated
chapters was intended to provided the reader quite nicely by a low wall or berm; whereas,
with an understanding of the fundamental the truck stacks may project o~er the top of
concepts of sound and sound propagation, the wall and propagate the exhaust noise
and a facility with the measurement of directly to the area to be protected.
sound out-of-doors. In the present chapter,
it is assumed that the reader has now acquir- Tire noise is ~ather" strongly d~pendent upon
ed a working familiarity with these basic speed. But, since in the interest of effi-
concepts because the fundamentals wil! be ciency, the trucker selects a t~ansmission
applied to the tasks of predicting the traf- gear ratio that causes the truck engine ho
fic noise level at some point given the operate at nearly constant engine speed,
vehicle volume and speed data, roadway char- the exhaust noise is thought to be almost
acteristics, and a description of the path independent of the vehicle speed. Any use-
of sound propagation from the highway to the ful traffic noise prediction scheme must
receiver, take account of the great difference in

speed ~ependence between these two noise
4.1    PARAMETERS OF HISHWAY NOISE sources.
Before turning directly to the hic~hway noise In order to simplify the method, most trafficprediction method, perhaps some time should no±se schemes lump the contributions of thebe devoted to relating the fundamental con-
cepts of sound to vehicle and traffic noise various noise sc.u~-ces into one source typi-

cal of trucks and ~.ne source typical of cars.situations. The single source associated with the truck
4.1.1 Source Characteristics noise is assigned a single noise emission

level, spectru!~, height, and speed dependence.
The sources of highway noise are, of course, Similar properties are assigned the single,
the vehicles themselves and the interaction lumped car noise source. When traffic noise
between the vehicle tires and the roadway, predictions are required for usual and un-
In Chapter 2, the principal vehicle noio~e complicated traffic, ro.~dway and p~opagation
sources were identified and compared. It path situations, the lumped source assump-
was shown, for example, that for trucks the tion causes onl~ minor error in the computed
principal noise sources are the exhaust noise level. However, where adjustments are
noise propagated up the stack and the noise made te the gene.~--al method to account for
from the tire-roadway interaction, followed special complexities, e.g., special road
by the engine casing radiated noise. AI- surface material or barrier walls, care should
though in the general method of traffic be taken that the adjustments are applied
noise prediction, these individual source correctly to the proper source. More will
contributions are often lumped together as be said about this subject during later dis-
a single truck noise level, there are se- cussion~ of noiee prediction methods and noise
veral reasons why it is important to differ- reduction design.
entiate between the severa! separate vehi-
cle noise sources. In the general prediction methods, the only
Our ears and the A-weighted sound level re- disti~%ction made between highway no~se sources
spond differently, not only to the different is the recegnition of the two rather gross
noise levels produced by the various sources, classifications, cars and trucks. This classi-
but also to the different frequency spectra, fication comes about naturally through the
e.g., the low frequency stack noise versus difference in the sources typical of the
the mid- and high frequency tire noise. More- two vehicle types. Automobile noise is typi-
over, most available mechanisms of sound call~" generated at pavement level, is speed
attenuation work more effectively on the mid- dependent, and contains a predominance of
and high frequency components of sound. Thus, mid- and high frequency sound energy. Truck
over long distances, for example, tire noise noise is typically 15 or so decibels higher
is reduced more than stack noise. ~n level than automobile noise at highway

speeds, is emitted both at pavement level
Different noise sources are at different and from the top of exhaust stacks some 8
heights. The tire noise typical of the high to 13 feet high, is only partially speed

dependent, and contains a predominance of
low frequency sound energy.
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Of course, there are a lot of vehicles, e.g., On the average, noise emission leve:is ~or
light trucks and buses that do not fall           automobiles range from 60 dBA to 75 dBA a~
clearly into either classification. For-         50 feet, depending upon the speed and pave-
tunately, in most highway situations these       ment type. The average noise emission levels
vehicles are comparatively small in number       for highway trucks range from 82 dBA to 87
and the predicted traffic noise levels do        dBA at 50 feet, depending upon the speed,
not suffer large errors because of the im-       the road gradient, and general state of
precise classification of these vehicles,        repair of the trucks.
It was recommended in Chapter 2 that when
separate volumes of such vehicles are              So much for this review of individual vehicle
available, 50% of their number be assign-        noise sources, at least for the present. The
ed to trucks and 50% to automobiles,               purpose of this chapter is to instruct the

reader on the methods for making predictions
The classification definitions differ slight- of traffic noise as emanating from many
ly according to the prediction method used.      vehicles together. The reader may remember,
For the NCHRP Report 117 method, automobiles    at this point, that the traffic noise level
are defined as, "passenger vehicles other        at any point is continually fluctuating, and
than motor cycles, trucks of less than            that in an attempt to d@@cribe the fluctua-
10,000-1b gross vehicle weight, buses having     ring level in terms of a single number, the
capacity for 15 or less passengers." Trucks     descriptors Ls0, L~0, Lg~, Le etc., were in-
make up the remaining vehicles, "trucks of       troduced. In order not to weaken the instruc-
greater than i0,000-Ib gross vehicle weight,     tional worth of the next few paragraphs with
buses having a capacity for more than 15          statistical complications, the parameters
passengers."                                              of traffic noise to follow will be discuss-

ed in terms of their effect on the mean
The TSC Computer Program method defines the      energy noise level, Le, or generally, some
vehicle classifications in conformance with      descriptor of what could be thought o£ as
the H~hu~ c~pac~ M~nu~ 196~* classifi-      the "average" noise reaching the observation
cations, where a passenger car is normally       point independent of the fluctuations.
defined as "a free-wheeled, self-propelled
vehicle generally designed for the trans-        knowing the noise emission levels and posi-
portation of persons, but limited in seat-       tions of all the vehicles on a road, one
ing capacity to not more than nine passengers, could calculate the resulting noise level
including taxicabs, limousines, and station      at any point of observation using the compu-
wagons. Also included, for capacity purposes, tational methods introduced in Chapte~ i.
are two-axle, four-tired pickups, panel and      Unfortunately, even vehicles very far away
light trucks, which have operating character- may have a significant effect on the observed
istics similar to those of passenger cars,       average noise and the required calculation
but not motorcycles." A highway truck is        would become long and cumbersome. If the
defined as "a free-wheeled vehicle having         traffic is fairly dense, it could be assun~ed
dual tires on one or more axles, or having       that the noise sources are spread out uni-
more than two axles, designed for the trans-     formly over the roadway, and a little mathe-
portation of cargo rather than passengers,       matics would quickly yield an estimate of
Includes tractor-trucks, trailers and semi-      the average noise levels.
trailers when used in combination. Ex-
cludes those two-axle, four tired vehicles       The material presented in the introductory
that may be classified as a truck for regis-    part of this chapter borrows heavily from
tration purposes, but which have operating       NCHRP Report 117 because the computational
characteristics similar to those of a passen- processes described in that handbook lend
ger car." For noise prediction purposes,         themselves to illustration of some of the
buses are included in the definition of           basic principles of highway noise. There
trucks,                                                        are other prediction schemes, however, and

they use much of the same data and methods
PPM 90-2% defines a truck as a vehicle having of analysis. There.are also differences
a gross vehicle weight in excess of 10,000 ibs between the prediction schemes. Some of
or a bus having a seating capacity in excess     these differences are simply matters of
of eight passengers,                                    format and minor procedural variation,

while some of them are more fundamental
in nature and will be discussed in detail
at the conclusion of this chapter.

*H~w~ C~p~t~ Munu~Z 18~, Highway Re-       Figure 4.1 shows the NCBRP Report 117 rela-
search Board Special Report 87.                      tionships between hourly automobile volume
%Policy                                                     and speed, and the resulting noise leveland Procedure Memorandum 90-2; Trans- observed at a point 100 feet from a straight,
mittal 279, Subject: Noise Standards and         flat and infinitely long roadway carrying
Procedures; U.S. Department of Transportation, the automobile traffic. The familiar 3
Federal Highway Administration, 8 February       decibel increase in noise level per doubling
1973.                                                                                   ¯
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of the number of noise sources can be found       It is important to r~member that the sound
in this graph by comparing, for example, the     level produced by an individual truck is
61 dBA level corresponding to a volume, of         assumed, under this method of analysis, to
i000 vehicles per hour and a speed of 40 mph,    be independent of speed. Of course, for
to the 64 dBA level corresponding to an auto-    any fixed volume, the automobile spacing
mobile flow of the same speed but of twice       also increases as the speed increases;
the hourly volume. While this law wil! hold     but, the noise emission levels produced by
for Le or the "average" noise, it ceases to      individual automobiles increase so sharply
hold for L~0 at the left side of the graph       with increasing vehicle speed that tLe
where hourly volumes are low and the statis-     duction in noise due to the greater vehicle
ticai aspects of the noise source distribu-      separation is more than balanced by the
tions become more and more important. The        higher emission levels, thus the nois~ level
general rule still holds, however -- for a         versus speed relationship for automobile
fixed average vehicle speed, the greater           traffic shown in Figure 4.1.
the automobile volume, the higher the
average noise level at the observation point     A word of caution should perhaps be intez-
100 feet away.                                            jected at this point regarding the limita-

tion of the above two gra[.hs to highway
Figure 4.1 also shows the relationship between situations where the traffic is essentially
the average automobile speed and the noise       freely flowing. Of course, there are many
level observed at 100 feet. For any fixed       situations where the traffic flow is inter-
automobile volume flow, the 100 foot noise        mittent, where cars and trucks operate in
level increases with increasing average           accelerating and decelerating ~odes, or
vehicle speed. Knowing how strongly the          where the principal sound source is an
speed of an automobile affects its noise           intermittent line of low speed, low volume
emission level, we might have expected that      trucks climbing a steep ramp grade. Simple
result,                                                        and reliable noise prediction schemes for

such complicated situations are not avail-
The relationship between the noise level          able. Some guidelines for making noise pre-
observed i00 feet from a line of trucks and      dictions for ramp traffic will be presented
the hourly truck volume and average speed is     later in this chapter. But for the present,
shown in Figure 4.2. The truck noise level,     in order to build steadily an understanding
like the auto noise level, increases with         of the principles of traffic noise, the
increasing vehicle volum~e (at the rate of         discussions will be limited to noise predic-
three decibels per volume doubling in the         tion methods for steady, moderately high
high volume region of the graph). Notice,        volun,e automobile and truck traffic.
however, that for any fixed hourly truck
volume, the noise level at 100 feet d~8~8    4.1.2 Roadway Characteristics
as the average truck speed increases. This
dependence on speed is quite different from      The traffic noise level observed at some
that of automobile traffic and is accounted      point distant from the highway depends up-
for by the combined effects of: i) the          on the summed effects of a number of eta-
assumption that the individua! truck                racteristics of the source and propagation
emission levels are independent of speed;         path. Every characteristic describing the
and, 2) the fact that for constant truck          roadway actually manifests itself as a cha-
volume, as the average speed increases,            racteristic of either the source, or the
the truck density (number of trucks per            propagation path, e.g., an upward grade of
mile, for example) decreases, i.e., the            5% increases the noise emission level of
trucks become farther apart. The average         the truck; a depressed roadway embankment
noise level some distance from the road           interrupts the path of sound propagation.
decreases because the now widely-spaced            Nevertheless, some of these characteristics
trucks simply appear to be fewer in                can be more conveniently defined in terms
number. If the reader will refer to home-       of the roadway geometry and surface.
work problems Nu~er 1 and 2 in Chapter 2,        Hence, part of the input data necessary to
he will recall that for a lane of traffic         determine the traffic noise level has been
carrying 1200 uniformly spaced vehicles            classified as roadway characteristics.
per hour, the number of vehicles per one-
mile length was 40 when the average speed        An obvious characteristic of the roadway is
was 30 mph. When the average vehicle speed      its aligrm~ent. No highway is infinitely
was increased to 60 mph, the number of             long and straight. A useful highway
vehicles per one-mile length was found to         noise prediction scheme must take into
be only 20. Problem 3, parts c and d,             account the fact that a highway that curves
demonstrated that the "average" sound level      away from the observer, also places the
at an observation point some distance from        sound sources farther from the observer
the highway should be lower for the more          than would a straight highway. The sound
widely spaced line of vehicles,                      level contribution of each of these many
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sources could be treated separately and Now, instead of computing the noise level
then added together at the observation point; from each lane ranging from 100 to 200 ~eet
however, an easier method, to be discussed away, the distance to the single-lane-
later, is available consisting of breaking equivalent is assumed to be 141 ~eet, and
a curved road into a few short segments of the traffic on all eight lanes is assumed
straight roads for which the sound level to be located, without change in speed or
contribution can be computed quickly, operations, on the single-lane-equivalent.

So far, the discussion has been limited to Similar c6mputations have been made fo~ a
highways having only one lane of traffic, wide range of geometries, and the resultz
although such simple problems would only have been plotted in Figure 4.3. To illus-
rarely arise in practice. One method of trate the use of this graph, for the ~bove
accounting for more than one traffic lane example, having an observer-near lane dis-
would be to analyze the sound level contri- tance, DN, of i00 feet, and a i00 foot-
bution of each lane separately and then add wide highway, the equivalent lane distance,
them together at the observation point. DE, read from the vertical axis of Figure

4.3, is about 140 feet.
Indeed, under certain circumstances, and
with certain prediction models, this method The type of road surface is another charac-
is required to yield the accurate results .teristic of the roadway that affects the
desired, generation of noise, and hence, the noise

level observed at some distant point. The
For many situations a simplification can noise level computed by a standard noise
be made without a significant sacrifice in prediction method can be simply adjusted
accuracy. The simplification involves find- upward or downward according to th~ type
ing the location of an imaginary single lane, of road’ surface as defined in Chaptc~ 2 on
that, given the total traffic volume for the page 2-3.
highway, would yield, at the observation point,
the same sound level as the actual several Although it is convenient to account for
lane geometry. This "equivalent lane" is variations in road surface by si,nply adjust-
always located within the bounds of the ing to total computed noise level ~ccordinql~,
several lanes, but never exactly at the some judgments should be exercised in apply-
centerline. The distance from the observa- ing the tabulated adjustments. The adjust-
tion point to the equivalent lane is called ments should be applied uniformly to automo-
the "single-lane-equivalent-distance", DE, bile noise; for trucks, however, because
and is computed as fol!ows: the exhaust noise is usually the controlling

factor, the type of road surface generally
DE =D~NDF" does not significantly affect the noise

levels produced by trucks. Occasionally,
where DN and DF are the distances from the when the surface is very rough, and the
observer to the centerlines of the near vehicle speeds are above 60 mph or so, the
lane and far lane respectively as shown in addition of 5 decibels to truck noise is
the following sketch, justifiable. The negative adjustment for

smooth pavement should not be applied to
truck noise.

s£v£~u u~N£s Trucks laboring on gradients generally hav~
- -=~N£~ slightly increased noise levels. The in-

~~
~    creased power demands on the engine are re-

~N£ ~ ~×£~u .... ¯ u~s~.~ ~ fleeted in the higher noise levels radiated
.... t~N£! from the engine casing and exhaust stack.

The gradient adjustments used in one traffic
~. o~ D~ noise prediction scheme were tabu!ated in

0ss£~v£, ~ i I 0ss£,v£~~ Chapter 2 on page 2-4.

These adjustments are to be applied directlyATA DISTANCE D~-0~--~N~DF to the computed truck noise levels. No
adjustment is believed to be necessary for

5K£TCH 4.1 the automobile traffic. Note that all
adjustments are positive, i.e., increases
in noise level. Where a two-direction road

For example, consider an observation point segment is on a gradient, the adjustment can
at a distance of 100 feet from the near lane, be applied equally to both sides of the hi~h-
and 200 feet from the far lane of an eight way without regard to whether the near truck
lane highway. Then lane is an up-grade or a down-grade. ~o

adjustment should be made for an isolated,
DN = 100 feet, DF 

= 200 feet one-directional, down-grade road segment.
The reader is invited to review Chaptur 2
regarding these surface and gradient adjust-

DE =~F= ~i00 x 200 = 141 feet ments.
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4.1.3 Propagation Path Characteristics            the path of sound propagation between the
sound source and the observer. More will be

Given any combination of source characteris-     said abo~t these topics later in this chapter
tics and roadway characteristics, the noise      and also in Chapter 5.
level observed at a point some distance from
the highway is strongly influenced by the        Other, less obvious noise attenuation mechan-
propagation path the generated sound must         isms include molecular absorption of sound
take to reach the observer,                           energy in the air and meteorological effects.

Air absorption was discussed in Chapter 1
The most obvious characteristic of the pro-      and has been shown to be important only at
pagat±on path is the distance between the         distances of over 1000 feet or so. Meteoro-
noise source and the point of observation,        logical effects such as variations in tempera-
For a true, continuous line source of sound,     ture, wind and humidity were also discussed
and where there is clear line of sight from      in Chapter l, and under the right conditions
the observer to all parts of the line, the        can substantially reduce the sound level
sound level decreases as the sound propaga-      reaching the observer, but, cannot signifi-
tes away from the source at the rate               cantly increase the amount of noise propaga-

ted over the moderate distances of interest
D    or 3 decibels per doubling of      here. Wind and temperature gradi~,~ts however,

-i0 Logl0 ~,                                             cannot be depended upon on a regular basis

to reduce the highway traffic noise levels,
of distance, where D is some reference dis-     and for purposes of traffic noise predictions
tahoe and D is the d~stance to the observa-       are generally ignored. This simplific,~tion
tion point in question. Practically, high-      results in predicted noise levels that are
way traffic is not quite a true line source,     the highest levels expected to occur. On
and there is rarely clear line of sight to        days when the meteorological conditions
every part of the road. Relationships             are adverse to the propagetion of sound,
deve!oped from an experimental investiga-         the observe~ noise levels will be lower than
tion and an emperically derived model of          those predicted. The effects of air abscrp-
traffic noise r~sulted in the noise level         tion and ~e average effects of humidity are
vs. distance curves presented in NCHRP             taken into account in a general ~:ay through
Report 117 which show the noise reduction         the distance adjustments.
with distance to be somewhat greater than
3 decibels per distance doubling for high-       4.1.4 Statishical Descriptors of Traf£ic
way traffic situations where nearly clear         Noise
l~ne-of-sight is had from the observer to
most of the highway.                                    In the first part of this chapter, an at-

tempt has been made to bridge the: gap be-The above relationships apply only to cases       tween the noise emission levels produced
in which the highway can be considered in- by individual cars and trucks, and the
£initely long, straight, and flat. In             noise level produced at some distant point
practical situations, accounting must be          by a collection of vehicles on a highway.
taken of the distance relationships between      The presentation of material has been ge-
the observer and a roadway of complicated         neral, with the purpose being to convey to
geometry. The specific computational pro-        the reader a certain understanding of the
cedures for the more complex analyses are         principles of traffic noise and an intui-
embodied in the individual prediction              tion in how to analyse highway noise pro-
scheme and will be discussed in context,          blems.

There are certain other characteristics of       In erder to present this overview, most of
the propagation path, however, which can be      the discussion has been directed toward
discussed at this point in rather general         the traffic noise par~,~eters determining
terms. These characteristics are responsible    the energy mean level, or the "average"
for sound attenuation factors which serve to     noise level. But very near the traffic
reduce the highway noise level at a point of     lanes, or when the traffic density is low,
observation by an amount in excess of that       the fluctuations in the traffic noise level
due simply to distance. The clearest ex-         are large and the rules governin~ the
ample of such a characteristic is a wall or      "average" noise level are not so successfully
berm that breaks the line of sight from an       applied to the more precise statistical
observer to the road. Shielding of the noise descriptors of traffic noise.
source can be a very effective n~ethod of
decreasing the noise level at some point          Since the Design Noise Levels defined by
of interest. The shielding need not strictly PPM 90-2 are in terms of the 10 percentile
take the form of a wall, but could be due         level, the computation procedures must
to roadway cuts, scattered houses, and maybe     result in a prediction of the traffic noise
even trees and ground cover. The first           also in terms Of this statistical descriptor.
requirement of an effective noise shield or      Before studying the details of the pred~c-
sound attenuating device is that it lie along    tion methods, several concepts invol~ing
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the meaning of the i0 percentile level             The entire prediction method is based upon
should be reviewed,                                      the principle of adjustment. The 50 percen-

tile level is established for a reference
The i0 percent±le level, L,0, is simply the      distance 100 feet from the near lane of an
noise level that is exceeded only 10% of the     infinitely long, straight, flat roadway.
time. The time period in question can be        Adjustments are then made to this reference
any length. For example, the noise environ-     level to account for other distances, road-
ment that a particular L,0 describes could       way geometry~ road surface characteristics,
include seasonal trends in noise level, day-     and shielding. Since the end result is to
to-day variations, hour-to-hour and moment-      be in terms of the i0 percentile leve!, an
to-moment fluctuations. Such an L,0 could        appropriate adjustment is also made to the
be determined simply by monitoring the            computed 50 percentile level.
noise level at some point over the period
of a year. But predicting the L,0 for a          !n the next few paragraphs, these adjustment
one-year period would require a great deal       procedures are illustrated by example. All
of information and a large number of cal-         the tables and graphs in NCHRP Report 117
culations. Moreover, there is not much           needed for the computations are included
information available on how people might         at the back of this chapter for convenience.
react to various i0 percentile levels inte-      4.2.1 Reference Conditions
grated over a year’s time. A better use Of
such extensive noise m~nitoring data would       The first step in the prediction method is
be to help us select the most meaningful          to find the 100 foot Ls~ reference noise
time of day and time of year to make our          level from Figures 4.1 and 4.1. The graphs
L~ measurements,                                           have been discussed in general terms earl-

ier in this chapter. However, an exampleThe 10 percent±le level becomes a more con-      at this time would serve to illustrate
venient and useful tool for evaluating high-     their use.
way noise if the time per±od of investigation
is a small part of a day. If the time period Suppose the traffic situation to be investi-
is short enough, the traffic parameters of       gated consists of an hourly volume of 7200
volume and speed can be considered to be          vehicles with 7 percent trucks, or 6696 auto-
constant over the period, and the variations     mobiles and 504 trucks, traveling at an
in level that the corresponding L,~ describes average speed of 50 mph.
are those moment-to-moment fluctuations in
level observed as various vehicles pass the      From Figure 4.1, the reference noise level at
observation point. On the other hand, the       a point 100 feet from the highway due to 6696
time period should not be so short that the      automobiles at 50 mph is 71 dBA Ls~.
LI~ describes the passage of a single vehicle.

From Figure 4.2, the reference noise level at
The fact that hou~ traffic volumes are cited a point i00 feet from the highway due to 504
in PPM 90-2 for use in the computation of         trucks at 50 mph is 74 dBA Ls~.
traffic noise levels is really a matter of
convenience. One hour appears to be suffi-      Of course, the total sound from the highway
ciently short that the traffic volumes are       is the decibel sum of automobile leve! and
fairly constant over the period and yet           the truck level. However, some adjustments
sufficiently long that a statistically large    ~o the reference levels will be applied to
number of the moment-to-moment fluctuations      the truck level in amounts different from
are sampled. More importantly, the traffic      those applied to the automobile level. The
data is normally available by the hour. The     engineer should get accustomed to keeping
L~ corresponding to a particular hourly          the car level separate from the truck level
traffic volume and speed may be taken as          until the final computation. The 100 foot
representing the level exceeded for i0             reference levels are usually not very inter-
percent of any period of time within that         esting anyway. Usually one would like to
houz.                                                        know the noise level at some particular

point of interest, or perhaps construct
a graph of noise level versus distance.

4.2 COMPUTATION OF TRAFFIC NOISE USZNG
THE NCHRp 117 HANDBOOK METHOD                    4.2.2 Adjustments

General considerations in the prediction of           a) Distance Adjustment. ~he noise le-
highway traffic noise have been discussed        vel at any distance from a highway can be
above. The purpose of this section is to         found simply by making a distance adjust-
instruct the reader in the use of one parti-     ment to the 100 foot reference level as
cular method of predicting highway traffic       defined by Figure 4.4. The standard dis-
noise -- that of NCHRP Report 117.                   tance adjustment is made to the 50 percen-            o-.

tile noise level and follows the form
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-15 Log,0 (D/Do), corresponding to a de- Since the single-lane-equivalent distance is
crease in noise level of 4-# decibels for required for the computation of some of the
a doubling of distance. There are several adjustments, it will be found for this ex-
curves on this graph, however; and to de- ample road using Figure 4.3. For an observer-
termine the distance adjustment, one must near lane distance of 100 feet, the single-
know the distance from the observation lane--equivalent distance, DE, for a 100-~oot
point to the center line of the near lane wide highway is approximately 140 feet as
and the width of the entire highway, compute~ in Section 4.1.2. For an observer-

near lane distance o~ 500 feet, the single-
Suppose the highway has three ’lanes each lane-equivalent distance, DE, is approxi-
direction with the directions separated by a mately 500 feeh.
25 foot-wide median strip; and there are two
points of interest -- one at a position I00 Actually, the equivalent lane distance for
feet from the near lane and one at a position the latter case can be computed to be 547
500 feet from the near lane. In Figure 4.4, feet. The resolution of Figure 4.3 simply
the proper adjustments for this example can does not permit reading the graph to this
be determined %~sing the curve labeled i00 (8), degree of accuracy. Fortunately, for a
meaning a highway width of i00 feet which is     100 foot-wide highway: any observer-near
approximately equivalent to eight travel lanes, lane distance of 500 feet or moze is saris-
(Note that it is the actual highway width factorily close to the corresponding single-
that determines the proper curve, not the lane-equivalent distance that the difference
actual number of travel lanes, which in can be ignored~ In general, whatever resolu-
this example is six.) The adjustment for tion Figure 4.3 provides is close enough.
the i00 foot observer-near lane is minus
two decibels. For a distance of 500 feet
the distance adjustment is approximately c) ~ Adjustments. So far, the L~0 nois~
minus i0 decibels. So far, the computations level for ~he example problem has been com-
can be summarized as shown in Exhibit 4.1. pBted for observer-near lane distances of

i00 feet and 500 feet. Dut what is really
EXHIBIT 4.1 required is the i0 percentile noise level,

or L~. Since the L~ is exceeded only 10
0[~Nc£. w~0~ ~DJ~S~M~N~ dBA percent of the time as opposed to 50 percent

of the time for Ls0, an upward adjustm~ent of
the L~0 c~ be expected to yield L~. How

~00 ~e~ S00 ~ee~ much of an upward adjustment is required
, . Distance Distance depends on three parameters only:

~te~ A T A r
a. The hourly vehicle volume, V.

. . b. The average vehicle speed, S.

~.,. ~’ ’,~:~e~e~ ~ ~ &~ ~ - c. The single-lane-equivalent distance,
.... ~. DE¯

A little discussion on how the adjustment
L,0-Ls~ depends on these three parameters

The distance adjustment is applied equally can perhaps give the reader an intuitive feel
to autos and trucks, for how the L,~ should differ among various

highway situations. Remember that while Ls~
Note that the predicted 100 foot noise level is something like the "average" noise, the
is lower than the i00 foot reference level L~ puts a little more emphasis on the noise
by two decibels. This difference is due to peaks that occur as vehicles pass the observa-
the fact that the traffic is not all concen- tion point. To a degree, the difference be-
trated on the near lane as assumed for the tween L~0 and Ls0, L~0-L~, is a measure of
reference level computation, but rather the size of the fluctuations in the noise
spread over a highway width of i00 feet. level.Figure 4.4 contains bo~N the distance
adjustment and the single-lane-equivalent Imagine yourself standing quite near a moder-
distance adjustment, ately trafficked road. The Ls~ is determined

in part by the noise levels of the individual
b) Single-Lane-Equivalent Distance. The vehicles passing, and in part by the sum of

six lane~ could be replaced by a s~-[e lane the noise levels of all the other distant
yielding the same acoustic result, provided vehicles on the road. The L,~ is more in-
the single lane is located at a distance fluenced by the noise peaks of immediate
from the observer called the single-lane- vehicle pass-bys. ~ow, if the vehicle
equivalent distance, a distance somewhat vol~me should double without affecting any
greater than the observer-near lane distance, other parameter, the "average" noise and
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the Ls0 would increase accordingly by noise. Fluctuations would be smaller.
several decibels. But the peaks would not Hence, the .adjUstment, LI0-Lso, decreases
change significantly; and some of the pro- with increasing distance.
vious periods of relative quiet would now
be filled with the noises of the additiona!
vehicles as shown in Sketch 4.2. The fluc-
tuations would not be as large. Hence,
the adjustment, L,0-Ls0 decreases with in- ¯
creasing volume, j

>

DOUBLE

VOLUM?
6z

T~ME

o SKETCH 4.4z
~ORtGINA OLUME

TO summarize, the adjustment Ll0-Ls0 can be
related inversely to the single parameter

TIME VDE
--~ shown in Figure 4.5, where:

SKETCH 4.2 V = hourly vehicle volume.

Imagine the original traffic situation again. DE 
= single-lane-equivalent distance,

Now imagine that the volume is unchanged in feet.
while speed is doubled. This time the peaks S = average vehicle speed, in milesmay increase because of the speed increase;
but the "average" noise would not increase per hour.

so much because the vehicles would be more
widely spaced creating deeper valleys of The use of Figure 4.5 to find the LI0-L~relative quiet, as shown in Sketch 4.3. adjustment can be ~illustrated by continuingThe fluctuations would be larger. Hence, the example problem left in the previous
the adjustment, L,0-Ls, increases with in- section. The relevant data was as follows:creasing speed.

hourly vehicle volume, V = 6696 autos and
504 trucks

DOUBLED SPEED7 average vehicle speed, S = 50 mph

,/. single-lane-equivalent distance DE:
i % i & I~_~ for 100 foot near-lane dist., DE = 140 feet

~~ - for 500 foot near-lane dist., DE = 500 feet

o" ""-%’"
z Then for the 100-foot near-lane distance,

~ORIGINAL SPEED
VDE--~- equals 18,700 for autos with corresponding

TIME Lt0-Ls0 = 2 decibels, and equals 1,410 for
trucks with corresponding L,o-Lso = 6

SKETCH 4.3 decibels.

It is extremely important to notice that
Imagine the original situation again. Now the L~-LsQ adjustment is computed separately
imagine that the distance from the highway for autos and trucks. If the total vehicle
to the observation point is doubled. This volume were erroneously used in this compu-
time all the noise levels would be reduced; tation, the trucks, which are normally
but, the peaks would appear to rise and fall responsible for the greatest fluctuations in
so slowly that they would overlap more as noise level, would appear to be high in
shown in Sketch 4.4. In fact, at a great volume resulting in smaller fluctuations,
enough distance, the peaks would be in- and, hence, a small L,,-L~o adjustment --
distinguishable from the background traffic less than 2 decibels in this example.
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The bottom line has finally combined the
auto levels with the tDuck level to. obtain ~, F;NF~’U]£ ROAD
a single noise .~,evel of 79 dBA L~ for a
point !00 feet ~rom this highway. An~ a
single noise level of 69.9 dP,~. L~0 is ob-
tained fnr a point 500 feet f.vom the high-
way. The only place it is truely safe to
ccmbir, e the auto lev~,is with the true]<
levels is alter" ell adjustments have been
made. The levels we~-e ccmbine,i in accor-
dance with the simp).c rules for combining
the levels of two souh’ce.z giv~_n in Table ~..i.
Notice hhat some of ;’.be figures in this SKZTC’~ ~..~
exhibit hav~ bee~ com~uted to one-h~if
bel accuracy. It may be meaningful tc com-
pute individual adjustments to a one-half
decibel accuracy to ~void a c%~m~ulative ~1ow the eing2.e ,%.iqhw£.y could be considered
error in stmtming several adjustn~ents. He, w- tD be two h.Lg?~%’,~,ys, emch starting at the
ever, little significance should be a~:signed middle and exter~din.c infinitely outward as
to half-decibel refinements in the final sho,.~ in SkeW.oh 4,~.
answer. HWY .’~ 2

HWY ~ HALF-INFINIT£ ROADThere is one other iteD re~arding this     . HALF o~ .~;,-E ROAD /adjustment that should be discussed before
moving cn to the ne~’t to~ic. Figure 4.5 has
been modified from the original NCHRP ll7
graph to extrapolate the cu~’ve to lower values --

VDEof the parameter --. Many situations mayS
arise :i.n making highway r~o~se predictions
where this pa~-~.meter for trucks is quite \
small. For example, for a point ~5 feet
from a local highway where the hourly truck
volume is only 43 at e speed of 5’~ mph: the O~SERVE~ 70~

VDEpar,lmeter T would be ~nly 20. Figure 4.5 SKETCH ~.6
shows that the adjustment ~oes not increas~
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Of course, the two highways produce equal subtended angles are equal." For example,
amounts of noise -- -- exactly half that if a certain segment along a road contri-
of the original highway. From Chapter 1 it butes 64 dB to the total noise level at some
was learned that halving the noise sources observation point, then any other segment
should reduce the noise level by about 3 subtending an equal angle would also con-
decibels, or that two equal noise sources tribute 64 dB to that point.
produce a combined level that is higher than
the level of either by 3 dB. Hence, it is The foregoing remarks on road segmeDts are
obvious that each half of the infinite road all embodied" in the Figures 4.6 and 4.7
must contribute 3 dB less noise to the ob- borrowed from NCHRP Report 117. Consider
servation point than the whole, or 67 decibels. Figure 4.7 first for finite road segments.

The adjustment for a 90" segment is shown
A mathematical investigation of the noise to be -3 dB. For a 45" segment the adjust-
level contributions of road segments would ment is -6 dB. For an 18" segment, the
show that the segment contribution is not adjustment is -10 dB. Figure 4.7 is simply
strictly related to the length of the seg- a graphic form of the adjustment rule dis-
ment, bu~ 8o~e~ to ~e angle 8~b~endsd b~ cussed above.
~ ~oad 8e~m~n~, with the vertex of the
angle at the observation point. For But just as the rule applies to the general
example, the angle subtended by the original case of either finite or semi-finite road
infinite highway was 180 degrees. The segments, so does Figure 4.7. In fact,
angle subtended by either half-infinite high- Figure 4.6 for the specia! case of semi-
ways is 90 degrees. The adjustment from finite~roads is not needed. A brief intro-
the infinite highway noise level to the half- duction to its use will, nevertheless, be
infinite highway noise level can be expressed presented for the sake of completeness and

(90
~ ) because it has had wide distribution in

i0 Log ~ = -3 dB. NCHRP Report 117.

The following sketch illustrates two more The confusion in using this graph arises in
examples of the relationship, trying to determine whether the size of the

angle 8 is positive or negative. All will
be clear in the use of this graph if the

~SEGMENT 8~-~5£GMENT A~ NCHRP Report i17 illustration shown in Fi-
gure 4.6 is replaced by the alternate illus-
tration for the angle #, and if the angles

~~e~/ for @ on the abscissa of the graph are~5o 90" placed by the bold lettered angles for ~.
NIT£ Now the graph corresponds exactly to the

08SERV£~ ROADWAY graph in Figure 4.7 and to the adjustment
rule. For example, when the angle # is 90"
the adjustment is -3 dB. For an included

SKEICH 4.7 angle ~ of 18~, the adjustment is -i0 dB.

~ an illustration of the method for com-
puting the sound level contributions of

The adjustment for segment A is i0 Log(~)= road segments, the example problem left off
in the preceeding section will be continued.

-3 dB. The adjustment for segment B is 10 Log Let the geometry now be described as shown
45" ~                                                           in Sketch 4.8.

100’ I"~-- SEAMEN T"~
In general, the rule for adjusting from in-

1                 [[[llllllHlllllllllAfinite highways to highway segments can be .....

Adjustment, dB = i0 Log | "    ~60" /    B-LANE FINITE
5oo’     \--.,v"     RO~OW~¥

where 8 is the angle in degrees, subtended ~ ~~by the highway segment.
SKETCH 4.8

Clearly the angle B could intercept any
segment on the highway whatever. A corollary
of the rule could be stated, "segments of a From Figure 4.7, the adjustment for the
straight road make equal contributions to a angle at the observer at 100 feet can be
common observation point at the vertices of found to be -i dB. For the observer at 500
the angles subtended by the segment when the feet the adjustment is -5 dB.

4.10
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The computations for the example problem of EXHIBIT 4.4determining the Ll0 noise levels from a road
segment are summarized in Exhibit 4.3. SUMMATION OF SEGMEN7 C0~RIBUIIONS, 4BA

Seg.     Seg.     Seg.
EXHIBIT 4.3 Ne.I

FINITE SEGMENT ADJUSTMENT, dBA ...... Item A    T A    T

550 reference at i00 feet

I00 feet 500 feet
Distance Distance LIo-Lso adjustment

Distar~ce, width adjust -Z -~ -$~    -~0 LIO at observer, by veh. type

LI0-Ls0 adjustment +Z ~& *I~    +~ LIO at observer, summed

Segment adjustment ~{ -[ -~

LIO at obsePve~, by veh. type ~O ~ ~ bZ Notice that the 69 dBA contribution from
LI0 at observer, su~ed ~ &~ segment 1 is within 2 decibels of the

tota! 72 dBA for the entire road. Analysis
by segment not only tells the engineer the
total noise level at the observer; but, it

In ~st practical highway noise problems, the tells him where noise control measures
highway is best described as made up of would have the most beneficial effect.
several highway, segments. The noise level
contributions are computed separately for t4otice also that the segment adjus~ent, for
each segment and are then added according segment n~er 1 was only -i dS, i.e., the
to the rules of decibel addition to yield 69 dBA contributions of the segment is only
the noise level due to the traffic on the 1 decibel less than the 70 dEA contributions
entire road. As a final example of the from an infinite road under similar conditions.
method, suppose that the highway segment In practice, many cases exist where, although
shown in Sketch 4.8 is merely the center a road is not infinitely long, straight and
segment of the curved highway shown divided flat, it can be treated as such with only
into three straight line segments in a small error in the computed noisc: levels.
Sketch 4.9. All segments have the s~e In general, for practical purposes, a road
traffic conditions, segment can be considered an infinitely long

highway if it extends in each direction a
SEG@2 distance of at least four times the observer--

SEG@3 near lane distance.

e) Other Adjustments. The basic compu-
tations discussed in the ~revious sections

SEG#I ~ describe adequately the noise levcl.s qener-
~

7OO’ ~
a~ed by smoothly flowing traffic on lovcl
roadways of normal surface material. In

#" sechion 4.1.2 it was pointed ou~ that the
~ ~#~~ noise level produced may be alte[<.d by

OO’ roadway gradients and by especially rough
~    OBSERVER or smooth surface materials. Thu resulting

change in the noise level observed at some
SKETCH 4.9 distant point can be ~counted for by a sim-

ple adjustment to the basic computations.

For vehicles traveling on very rough or very
The reader should make the required com- smooth pavement, the basic noise luvel com-
putations himself for this example case, putations are adjusted u~ward or downward,
assuming a roadway width of 100 feet and as the case may be, by 5 decibels in accord-
hourly traffic vol~es of 6696 autos and ance with Table 4.1. ~member that only
504 trucks moving at an average speed of rarely should such an adjustment be applied
50 mph. Computational results can be to truck noise, and then only u)~ward for
compared with those shown in Exhibit 4.4. trucks traveling at.speeds ahoy,. 60 mph and

4.11
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when the pavement is particularly rough. 4.2.3 Simple Noise Contours
For the great majority of new surfaces, no
adjustment is warranted. Occasionally, an Very often it is informative to represent
old surface, worn badly by studded tires, or the noise levels over a broad area by noise
an intentionally grooved surface is encoun- level contours, or lines of equal noise le-
tered for which a 5 decibel positive adjust- vel. Usually when the computational re-
ment is justified. Less frequently, a very sults are displayed in contour form, it is
smooth-coated surface warrants a 5 decibel not expected’that the contour lines are
negative adjustment. Such smooth surface precisely accurate at every point, but that
roads, however, are rare because of their hhey are approximately accurate everywhere
inherent low friction characteristics, and show the general "shape" of the noise

environment. When the noise level at a
The positive adjustments to account for the particular point is desired very accurately,
increased noise of trucks on gradients are it should be calculated for that point ex-
shown in Table 4.2. Remember that these ad- plici~ly. Thus, generation of the contour
justments are made only to truck noise le- lines involves a certain amount of estimat-
vels, and are never negative, i.e., there ing and smoothing.
is no adjustment for a downhill gradient.
in most situations, where the two-direction- The first step in developing noise contours
al lanes appear together on a gradient, the "about a road is to draw a graph of noise le-
adjustment may be applied equally to both vel versus distance from the road. The LI0
sides of the highway without regard to whe- noise levels at distances of I00 feet and
ther the near lane is an up-gradient or a 500 feet were calculated for the example in-
down-gradient, finite highway discussed throughout this

chapter and were summarized in tabular form
Consider roadway segment 2 of the example in in section 4.2.4. Suppose the computations
the preceeding section to be on a 5 percent were expanded to include several other dis-
gradient, and to have a very smooth pavement tances with results shown in Exhibit 4.6.
Surface. Adding 5 decibels to the truck
noise levels; and subtracting. 5 decibels £XHIB[I 4.6from the auto noise levels results in the
table of computations shown in Exhibit 4.5. ,01sE LEVEE VS. ,ISTANCE

DIstance from
Near Lane, ft    50 100 300 500 10OO 3000 5000

Nolse level,
dBA LI0 85 79

HXHIBIT 4.5

The reader should verify these results by
GRADIENT AND SURFACE ADJUSTMENTS, dBA AT computation. These values are ~en plotted
500 FEET on a se~-log graph paper with noise level

in dBA LI0 ~ the ordinate ~d log of the
near-l~e distance on the ~scissa as shown
in Sket~ 4.10.

Seg.

A     TItem

Distance, width adjust

LIo-Lso adjustment

LIO reference at observer

Sediment adjustment

Gradient 0

Road surface -~ o

"’ 08S£~ER-N{AR LANE DISTANC[ {FT)
I, lO at (~bGerver, summed

SKETCH 4.10
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Contours can be drawn in i, 2, 5 or i0 deci- After the engineer has had some experience
bel intervals, or any other interval that in contour drawing, he will learn how to
seems appropriate. A common interval for best make adjustments to contour lines to
highway traffic noise is 5 decibels. From accommodate variQus roadway geometries.
Sketch 4.10 the table in Exhibit 4.7 can be Perhaps another simple example will speed
constructed, somewhat the development of a little intui-

tion in contour drawing. Suppose that two
roads intersect at right angles in such a
way that the traffic flow on each is conti-

EXHIBIT 4.7 nuous and uninterrupted. Suppose also that
the noise level contours along each road
individually have been calculated with thedB~ LIO NOISE CO~TOURS                    following results:

Contour Line EXHIBIT 4.8
dBA Ll0 85 80 75 70 65 60    55    50

Near ]an,, INTERSECTING ROAD CONTOURS

Noise Contour Near Lane D|stance, Feet
dBA L ’

With the data in this table, noise level con- I0 Roadway No. ~ Roadway No. 2
tours in 5 decibel intervals can be drawn

8~ b0around the highway as shown in Sketch 4.11.

70 370

///~CONTOURS, dBA LIO ""6~/

65 7f;O : ’,)

60 lllqOi
55 3o0o

i’_^~ ~~o-"                             fS~-l~ Now the noise contours for the two roads to-

~~B~z~/~~~0

getherSketch can4.12be, constructed as shown in

65 68

SKETCH 4, ii

For gently curving roads like the one shown I I
in Sketch 4.11, the contour line can simply Ibe drawn parallel he the road at the appro-
priate distance. Where the road curves

~o
sharply, noise levels at several specific
points should be computed by su!Ibming the
segment     contributions as described in
section 4.2.5. The noise contours should
then be adjusted accordingly. Of course,
the greater the number of specific points
computed, the more accurate will be the
contour line adjustments. SKETCH 4.12

4.13
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The contour lines for each road have been A few comments of clarification regarding
drawn as though the other were not there, the use of Figure 4.8 should be made here
The combined levels at the intersection before continuing the example. The barrier
points of the two sets of contour lines section drawing accompanying the graph in
have been computed by the simple decibel Figure 4.8 is a little misleading. While
addition method shown in Table i.i. For the noise source is properly shown at pave-
example, the combined level where the 65 dBA ment level for automobile traffic, the oh-
contour intersects the 70 dBA contour is server is usually not at ground level, but
actually 71 dBA. The 70 dBA contour line at 5 feet or more above the ground, depend-
is drawn through all points of 70 dBA. ing on the terrain. Sometimes the observer
Considerable visual interpolation is re- is even at an upper story window of a build-
quired; but the resulting set of noise ing. The point is, the height "H" shown in
contours shown here for only one quadrant Figure 4.8 is not the height of the barrier
can be quite informative and a real visual above the pavement, but rather the perpen-
aid to understanding the noise environment dicular penetration (or "effective height")
at the intersection. If more accurate con- of the barrier above the line-of-sight from
tours had been desired, we could have de- source to observer as was shown in Sketch
veloped them by starting with contours for 1.4 on page 1-15.
each road in 1 decibel intervals. Much less
visual interpolation would have been re- With the line-of-sight connecting the pave-
quired. More will be said about contour ment surface to the observer, the graph
drawing in later sections of this chapter, shown in Figure 4.8 yields the noise reduc-

tion achieved by the barrier for automobile
4.2.4 Barrier Attenuation noise. To account for the fact that the

acoustic center of a line of trucks is notThe subject of barrier attenuation was dis- at pavement level, but several feet in thecussed in general terms in Chapter 2 and air, NCHRP Report 117 recommends that the
will be discussed again in detail in Chapter noise reductioh computed using Figure 4.85. The only purpose in mentioning the sub- be decreased by 5 decibels when applied to
ject in this section is to acquaint the

the truck noise. Hence, the noise reductionreader with how the noise reduction compu-
due to this example noise shield would betations for barriers are integrated into 15 decibels for cars and i0 decibels for

the total NCHRP Report 117 method for high- trucks.way traffic noise computation.

If a noise barrier of these dimensions wereThe amount of noise reduction achieved by a
placed 50 feet from the example 6 lane high-barrier wall, berm, depressed roadway or way used in this chapter for illustration of

other form of noise shield is dependent on procedures, the noise level computations forwhat angle of diffraction the sound must a point 500 feet distant would be as follows:
Pass through in traveling from noise source
to receiver. Thus, the noise reduction is £XHIBIT 4.10
dependent upon the interrelationships of the
source and receiver locations, and the bar- BARRI£R C0MPOTATIOBS. dBA
rier height, length, and location. In

No WithFigure 4.8, the relationship between these Barrier Barrier
parameters and the noise reduction achieved

Item A     T A     T
is shown for an infinitely long, straight,
and level noise barrier at a constant dis- LS0 reference at i00 feet
tance from an infinitely long, straight and IDistance, width adJus~level road. For example, suppose such a
pair of roadway and noise barrier existed I                      LI0-Ls0 adjustment÷I~
such that:

LI0 reference at observer

EXHIBIT 4.9 se~ent adjustment

Barrier adjustment o    o     -~
Observer - Near Lane Distance, DN = 500 feet

LI0 at observer, by veb. type
Equivalent Lane - IJarrier Distance, DR ~ i00 feet LI0 at observer. ~ummed

Observer - !~arrier Distance, DB - 450 feet Net Noise Reduction

5arrler HelKht, H - 15 feet

Note that the actual nofse reduction worth
H~/DB " 0.5 and H~/DR = 2.3 of the barrier is neither 15 nor i0 decibels,

but ii decibels. Not until all computations
are completed and the auto and truck contri-
butions are added can the actual noise re-

For these two parameters, Figure 4.8 indi- duction for any particular traffic volume,
cates a noise reduction of 15 dBA. speed and mix be determined.

4.14
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Another important point to notice is the re- Without the barrier, the noise level 500 feet
lative domination of the traffic noise by from this infinite road was found to be 68½
the trucks. In view of the importance of dBA Ll0. With an ii decibel barrier subtend-
the truck noise, care should be taken to take ing an angle of 120° the noise level was
accurate accounting of the influence of the found to be 64½ dBA Ll0 - a noise reduction
truck source height on the noise reduction of, not ii decibels, but only 4 decibels.
provided by barriers and shields. Simply Clearly,. the length of a barrier is a very
subtracting 5 decibels from the automobile important noise reduction parameter.
noise reduction is only accurate within a
limited range of traffic conditions. A more The purpose of the foregoing exercise, how-
general and more accurate approach to noise ever, was to introduce the read~:r to th,..
reduction computations is contained in concept of finite length barriers; using the
Chapter 5 of this text. basic rules of decibel addition and segment

adjustments. Fortunately, such computation-
So far, the computations for noise reduction al processes do not have to be worked out
have ass uuned that the noise shield is infi- separately for each problem. The computa-
nitely long yielding a noise reduction of tions for a range of barrier situations have
ii decibels. For practical noise shields been w~rked out for NCHR2 Report 117 and are
of less than infinite length, the noise re- presented here as Table 4.3 where = is the
duction can be far less impressive. Suppose angle subtended by the barrier, and 8 is the
the length of the barrier in the previous angle subtended by the ro~d (~=~80° ~or an
example is as shown in Sketch 4.13. infinite road). In the example abe,re, the

ratio ~/8 would be 0.66 or approximately 0.7.

iNFiNITE ROADWAY For the ii decibel infinite barrier noise re~
duction, the corresponding finite, barrierBARRI£R noise reduction read from Table 4.~ would he
4 decibels as computed earlier by the long
method. A 15 decibel barrier t~at shields
the observer from one-half the road (~/S =

500’ 0.5), would achieve a three decibel reduc-
tion in total noise from the infinite road
as expected.

OBSERVER
The angle 8 does not have to be [80° as for
an infinite road. If the angle ~, subtended

5K~CH 4.]3 by a road segment less than 180° (e.g., a
120° segment), the ratio ~/S determines the

This road without a noise barrier produced shielding adjustment that should be applied
68½ dBA Ll0 at the 500 foot observation to the noise level contribution o[ that
point, and with an infinitely long noise road se@ment.
barrier produced 57½ dBA Ll0. The road
Could now be broken into three segments - Noise reductio~ computational methods for
two 30° segments of a 68½ dBA road and one depressed roadways, elevated roadways and
120° segment of a 57½ dBA road. From Fi- other variations of the noise barrier will
gure 4.7 the segment adjustment for a 300 be discussed in detail in Chapter 5.
subtended angle is -8 decibels. For a 120°

segment the adjustment is about-i decibel. 4.2.5 Check List for Handbook Com~utat~ons
Presented in tabular form, thecomputations
for the summed noise level of the three seg- A suggested form for Traffic Noise Computa-
ments would be: tion Tally is shown in Figure 4.9. This

form does not provide work space for compu-
tations, but rather provides a storage place£XHIB~T 4.]] for the traffic data and for the computa-

~MF[M~r£ROADWAYW~TH F~M~TEBARRZER. dB~ tional results in an organized fashion. The
four column headings on this form have been
leftblank because they could r~fer to any

,, 0b~e~ve~500~aa~
of several variables of interest, e.g., fourIte~ 30" Se9. 120~ Seg. 30~ Se9.1.’ different observer distances, [our different

Iu~0 ,.,,~.,~n~ ~ .~e~e~ &~ ~% ~ road segments, four different highway eleva-
:;~,’n~ ~LI.=~t -~ -, -6 tions, etc.    The only co~on restrictions of
~..~ ~a~.~ o -~ o the four problems are that they must have

..... the s~e traffic and highway width. Th~
[’u, ~t ~’~ ~o% ~ . ~ . . reasons for having four columns on the tally
~,~ .~, .~.~,.w~, ,u~eu ~ are simply that it is often convenlent to

have more than one on a sheet; and no more

4.15
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EXHIBIT 4.12 Sheet ~ of I

TRAFFIC NOISE COMPUTATION TALLY

NOISE LEVEL, dBA

Item

LSO reference at lO0 feet

Distance, width adjustment

LIo-L50 adjustment

LIO reference at observer

Segment adjustment

Daffier adjustment

Gradient

o~ Road surface

~ ~ Foliage

® ~ Rows of houses~) ,r-~

LIO at observer, by veh. type

LIO at observer, s~mmed

4.16
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EXHIBIT 4.]3 Sheet ! of !

TRAFFIC NOISE COMPUTATION TALLY

NOISE LEVEL, dBA

Item A T    A T    A T    A T

[50 reference at !00 feet         "?t "/4, r~( ’74.

Distance, widtln adjustment -~z[-~-Io -I0 4Z~-I~

LIo-Lso adjustment *I~. ÷S~. +I~L ÷5 ~-I~

LIO reference a~. observer 64 (:9 &9_~. (:7

Segment adjustment -I -( -g -~ -~ -5-

[3arrie~" adjustment ~3 0 -~ -~ 0 0

Gradient o 0 o +S

o ~ Road surface -S o -~- o -~ 0

~ £ Foliage ~ 0 -~ -~
~ ~ .....
¯ ~ Rows of houses 0 0 -4 -~ -~0 -{o
~ ~ ......

LIO at observer, by veh. type 535 &IS ~L ~( 5g 47kZ

LIO at observer, summed

4.17
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than four would fit. Exhibits 4.12 and 4.13 4.3.1 Nomograph Method for Highway Noise ~-~
show the form filled out for the examples Prediction
discussed in earlier sections of this chap-
ter. Two different uses of the form are il- This "Nomograph for Approximate Prediction
lustrated. Note that all addition within a of Highway Noise Levels" can be found in
Column is simple algebraic addition. Adding Report No. DOT-TSC-FHWA-72-1, Manual for
the results of one column to another must be Highway Noise Prediction, and is shb~n h’ere
performed according to decibel addition, in-FigUre 4.10. StriCt application of this
Where the noise contributions from several nomograph ~s limited to continuous, freely
segments are added, the blank space at the f!owing traffic on a single infinitelybottom line of the tally sheet can be used long, unshielded, straight and level road-for the summed, segment total as shown in
Exhibit 4.13. way. .

The use of the nomograph may be explained
through the following example shown in Ex-4.3 COMPUTATION OF TRAFFIC NOISE USING hibit 4.14 for an observer 500 feet fromTHE COMPUTER PROGRAM OF THE TRANSPORTATION an infinite highway carrying 2400 vehiclesSYSTEMS CENTER per hour with 5% trucks traveling at a
speed of 60 mph:

There are many computational schemes availa-
ble for the prediction of traffic noise; the i. Draw a straight line from the left
method of NCHRP 117 is but one of them. Ano- pivot point on the nomograph through
ther method, and very useful method, is the the "5%" truck point on the "60 mph"
computer program of the Transportation Sys- line. Extend the straight line to
tems Center of the Federal Highway Adminis- the Turning Line A. In this example,
tration. In general, the computer program the intersection is marked "Al".
applies to the same highway traffic situa-
tions, and has the same limitations as the 2. Draw a second stra±ght line from the
method of NCHRP Report i17. intersection point A1 to 2400 veh/hr.

on the vehicle volume line and note
i. The procedures consider only freely- the intersection, BI, of this line

flowing highway traffic. Stop-and- with the vertical line B.
go traffic, and the effects of ve- ~-..
hicle acceleration and braking are 3. Draw a third line from point B1 to
not included in the mode!. 500 feet on the "Distance to Obser-

ver" line. The intersection of this
2. The procedures assume a uniform third line with the vertical line

standard atmosphere. Effects of between marks the predicted A-weight-
wind and temperature gradients are ed, 10-percentile noise level. For

this example problem, the predictedignored,
noise level is 71 dBA LI0.

3. The procedures consider all noise
Sources to radiate sound equally The homograph method is particularly conve-
in all directions, nient in developing noise contours, since

the distance corresponding to any desired
The main advantages of the computer program noise level can be found simply by pivoting
method are that it can consider very many, this third line about the point BI. For
and very complex, situations quickly and this example, noise contour line distances
accurately. The program performs the sta- corresponding to 5 decibel steps would be:
tistical computations efficiently and leads
directly to the answer in dBA LI0. A dis- contour line, dBA LI0 85 80 75 70
advantage of the computer method is that
meaningful answers to complex problems often distance, feet 22 65 190 590
require copious quantities of input data.
The computational results are no better than
input data upon which the program operates. The reader is reminded that results of this
And even for very simple problems, preparing nomograph method apply only to infinitely
the computer program input data, then wait- long straight and flat highways and should
ing for the results, can be a nuisance, be used only for first approximations of

the noise level predictions. For the ideal-
in order to provide a simple and direct me- ized conditions for which this method was
thod of predicting the traffic noise level intended, however, the nomograph estimates
for simple situations, the Transportation noise levels typically higher than, but
Systems Center used the computer program to within 2 dBA of those levels calculated by
develop a nomograph, the computer program.
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EXHIBIT 4.14
NOMOGRAPH EXAMPLL PROBLEM
CARS AND TRUCKS TOG[THER

L io DE Q
A B dBA FT VEH/HR

10 --     -- ZO,O00
~110

7~

20 30 40 ,50 60 M’P"H -- lO0 20 - ~- lO,O00
7000100 100~                                       --

1oo 1°°~1°°F ~r 50~
- 50- -- 5000

[ _ oOO oo
u~

_ 100~

VEHICLE SPEED AND o~o - 400
3ooPERCENT TRUCKS ~

~ ~00
PROBLEM - 7oo -

FIND d~ L~o AT 500 FT _ ~o~    -- ~oo
DISTANCE 7oFROM A ROAD CARRYING: --~o TO ~o2400 VEHICLES PE~ HOUR, PREDICTED O~SERVE~ 4o5 PERCENT TRUCKS, AT NOtSK

60 M~LES PER HOUR ~EVE~ ~o
zo

I0

VEHICLE
VOLUME

EXHIBIT 4.15

NOMOGRAPII EXAMPLE PROBLEM
CARS AND TRBCKS SEPARATELY

Lio DE Q| |

I I~-’---’~ CARS -
’ 1o-- ooo

50 60 I 0~000

7000
5000
4000
3000PIVOT

POINT zooo
I00--

! 000

700
0 500

VEHICLE SPEED AND 400
PERCENT TRUCKS 300

200
PROBLEM

FIND dBA Lto AT 500 FT
FOR CARS AND TRUCKS 3o DISTANCETo    _ 7Oso
SEPARATELY FOR: PREDICTED OBSERVER _ 4o
2280 CARS PER HOUR, AND LEvELNOISE - 3o
]20 TRUCKS PER HOUR, AT
60 MPH - zo

}0
VEHICLE
VOLUME
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The nomograph is more flexible that it ap-         6 LANE ROADWAY SEGMEN~
pears. St is quite possible and useful to                   75’ WlOE
separate cars and trucks in the use of this                        -~ /---I5’ HIGH BARRIER
nomograph just as was done in using the /NCHRP Report 117 method. For example, the
2400 vehicles/hr, with 5% trucks could just
as easily have been written 2280 cars per
hour and 120 trucks per hour. To find the
60 mph truck noise contribution at 500 feet,
in this example, simply use the 60 mph line
at 100% trucks to find point AI. Connect                                    ~                 ~00’
A1 to 120 vehicles per hour to find BI. And
connect B1 to 500 feet to find the truck,
A-weighted, i0 percentile noise levels.
This process and its counterpart for find-
ing the automobile contribution to the 500                                              ~. 60"
foot noise level is shown in Exhibit 4.15
Yielding 69 dBA LI0 for trucks and 66 dBA
LI0 for cars. Note that the truck noise                               5KETCH 4.]4
level and the car noise level can be added
logarithmically to yield the 71 dBA Llo           Enter the traffic and roadway data into the
combined level computed first in Exhibzt          Traffic Noise Computation Tally sheet as
4.14.                                                      shown in Exhibit 4.16.

But the point of computing the truck noise
contribution separately from the car noise       Determine from the nomograph the LI0 refer-
contribution is that now, separated, the          ence levels, for cars and trucks separately,
levels can be adjusted for barrier effects,      for an infinite roadway carrying the given
gradients and road surface effects, etc.,         traffic. The distance is the single lane
which treat car noise and truck noise dif-       equivalent distance, 535 feet. Then, from
ferently. The separated car levels and           the segment adjustment rule,
truck levels may be entered into the Traffic                                     ~         90
Noise Computation Tally, Fig. 4.9, at line          Adjustment, dB=10 log
4, "LI0 Reference at Observer", adjusted as      The reference levels are reduced by 3 dB
appropriate according to the methods of
4.2.2, and added logarithmically just as          for the unshielded segment of roadway.
was done for the NCHRP Report 117 method.
Only the steps of calculating the L50 i00-      Determination of the barrier adjustment re-
foot reference level and the LI0 - L50 ad-       quires two steps - one to determine the
justment have been omitted from the compu-       basic effectiveness or worth, of a 15 foot
tation,                                                   high barrier, and one to account for thefact that the ends Of the roadway segment
How is the roadway width accounted for in         are not completely shielded by the barrier.
using the nomograph method? The "Distance
to Observer" line in the homograph always         Assume that the observer height is 5 feetabove the pavement level; then, a computa-refers to the equivalent lane distance, DE,
which can either be found from Figure 4.3         tion for the "effective height", H, for a
Or calculated by the relation                        barrier 15 feet above pavement leve!, 50feet from the single lane equivalent and

475 feet from the observer would yield
DE = ~N DF                               H z 14.5 feet. From Figure 4.8, the effec-

tiveness of this barrier, roadway, observer
geometry is 15 dB noise reduction for cars,

where D. and DF are the distances from the       and i0 dB noise reduction for trucks. Note
observe~ to the centerlines of the near lane     that the distance of the barrier from the
and far lane, respectively,                            single lane equivalent is

DR =As an illustration of the method, consider
the problem shown in Sketch 4.14 for a traf-     and does not involve the observer or the
fic volume of 2400 vehicles per hour with 5      Single lane equivalent distance to the oh-
percent trucks and an average vehicle speed      server.
of 60 mph. The objective is to determine
the LI0 noise level at the 500-foot obser-        From Table 4.3, the adjustments for’a 15 dB
vation point due to the traffic on this 90°      car/10 dB truck barrier that shields only
road segment.                                               60° of a 90° road segment are -5 decibels
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EXHIBIT 4.16         Sheet I of L

TRAFFIC NOISE COMPUTATION TALLY

NOISE LEVEL, dBA

Project F,4</~PL~ ~P.~e~e_ ~Ya~L~ Engineer

Segment ~ Date i

Autos/hr. Zz~ Trucks/hr. I~ Miles/hr.

Highway Width Imo feet. Observer AT

Comments ~ S~--’r~4 ~4

Item A T A T A T A T

L50 re,f,.~renee at ZOO ?e,Jt
Distance, width adjustment

~I0-L5(] adjustment

L]0 £e~ePence at obsor’ve~2         ~

~3e~<: ~.nt 9dj ustment             -3

~arz~ier¯ adjusgment            -ff -4

Gradient

oo Road surface

~ ~ Foliage

~ ~ Rows of houses
~9 ~ ....

LIO at observer, by veh. type

LIO at observer, summed
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for cars and -4 decibels for trucks. Exhibit        i. Program initialization parameters
4.16 shows the segment adjustments and the
barrier adjustments entered in the tally             2. Road and vehicle parameters
sheet, and the summed result of 63% dBA
LI0 at the observer.                                       3. Barrier parameters

Generally, when the nomograph method is                4. Ground cover parameters
used, the gradient adjustment and the ad-
justment for accelerating trucks are as-              5. Receiver parameters
sumed to be zero. The reason ~or this sim-.
plification stems from the mean noise emis-      All data must be entered in the form of
sion level assumed in the computer program       punched card.
for highway trucks. Recall from Chapter 2
that NCHRP Report 117 truck noise emission       The program initialization parameters must
levels are assumed to be uniformly 82 dBA         appear, one to a card, in the first of each
under normal operating conditions and 5           series of problems and generally remain un-
decibels higher for accelerating trucks,          changed throughout an entire study.
The TSC computer program mean truck emission
level is assumed to be 87 dBA under all                a. Receiver height adjustment - With a
operating conditions. It is probable that                 single initialization parameter,
this 87 dBA emission level is higher tha~                  the coordinates at all the receivers
the levels typical of trucks in low speed                  may be adjusted vertically upward
cruise conditions, but is about right for                  by the number of feet specified.
trucks operating under the wide throttle                   For example, if the input card data
conditions typical of accelerations, cliff_-                specifies all receivers at ground
ing gradients, and high speed highway cruise,             level, a simple receiver height ad-
Therefore, no further adjustment is made to               justment at the beginning of the in-
the highway truck noise levels to account                  put data could move all receivers to
for gradients and accelerations,                              ear level or second story window

level.

4.3.2 Method for Computerized Prediction            b. Number of frequency bands - The pro-
of Highway Norse                                                   gram is capable of performing the

noise level computations for eight
The TSC highway noise computer program,                     octave bands of frequency, or for
known as the Traffic Noise Prediction Model                only one band, 500 Hz, which approx-
MOD 2, was designed to run on the IBM 7094                 imates c!osely the net behavior of
computer at TSC in the batch mode. The pro-              the eight octave bands. Generally,
gram is written in the FORTRAN IV language                 the single frequency band computa-
and can be used directly on most computer                  tions are sufficiently accurate.
systems, and modified to be used in an in-
teractive mode. In the present format, in-          c. The standard deviation of noise le-
puts are provided through punched cards,                    vels of passenger cars - The standard
and outputs are provided through a line                     deviation of automobile 50 foot emis-
printer. The details of the organization                 sion levels has been set at 2.5 dB
of the computer program itself, main program,             and should not be changed (see Chap-
subroutines, and card listings can be found                ter 2).
in Report No. DOT-TSC-FHWA-72-1, "Manual for
Highway Noise Prediction (Appendix B)"

d. Source height adjustment for passen-
The main body of the above report is a user’s             ger cars - The height of the automo-
manual for the computer program, while the                bile noise source is usually at the
"Appendix A" reviews the basic acoustic con-              pavement level where the tires in-
cepts and mathematical expressions embodied               teract with the road. This parameter
in the computational procedures. The user’s               should be left zero.
manual is complete with sample cases and must
be studied carefully by each new user. The          e. Standard deviation of noise levels
discussion of the computer program method in              of highway trucks - The standard

deviation of highway truck 50 footthe present section wil! be limited to a                   emission levels has been set at 3.5
summary and clarification of the instruc-                 dB and should not be changed (see
tions, a few precautions to take, and sug-                 Chapter 2)
gested methods for problem analysis.                                       "

f. Source height adjustment for highway
trucks - The vehicle location data

The input data is divided into five major                  is defined by the roadway input data.
classifications as follows:                                   To account for the fact that the el-
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fective truck noise source is really      the source is assumed to be entirely re-
several feet above the road surface,      flected in the direction a light ray would
a single height adjustment is enter-      be reflected by a mirror. Second reflec-
ed at the beginning of the program,        tions are ignored. All sound energy in-
The effective height of a truck noise     cident on an absorptive barrier is assumed
source in this program has been set       to disappear. Vertical cuts and constructed
at 8 feet and should not be changed       barrier walls, and building facades are ex-
(see Chapter 2).                                amples of reflective barriers. S!oping

earth berms, hills or other obstacles that
g. Three other initialization parameters     reflect sound either weakly or toward the

are available but not required. The      sky can be considered absorptive barriers.
parameters define the source charac-
teristics of a third type of vehicle      High grass, shrubbery and trees are consi-
as yet undefined. The third vehicle      dered noise attenuating ground cover in this
was originally intended to be a "new"     program and can be entered as plane, rectan-
or future vehicle, but can be any re-     gular patches. The location and limits of
hicle for which an emission level,         a patch are defined by the Cartesian coordi-
standard deviation and source height      nares of the end points of the centerline
can be defined or estimated,                 and the width of the patch, all units in

feet. In general, the program significantly
The remaining input data is unique to each       overstates the noise reduction due to ground
problem and is also entered in the form of       cover and its use is discouraged except in
punched cards. In the following paragraphs,     the case of tall and very dense trees and
the data format and requirements are sum-         folliage completely blocking the line of
marized,                                                   sight to the roadway.

Associated with each roadway must be the ap-     The points at which the noise levels would
propriate traffic data consisting of four         like to be known are called the receivers
quantit±es - the hourly automobile volume,        and are also entered by their Cartesian co-
average automobile speed, hourly truck vo-        ordinates in feet. A receiver cannot be
lume and average truck speed,                          located on a road, nor on, over, or under

The roadway data is entered by the Cartesian     the top line of a barrier, nor on a groundcover strip. In each case, the distance(x,y,z) coordinates, in feet, of points on        from that receiver to the roadway, barrier,
the roadway surface. It requires at least        or ground strip would be zero; and the COln-
two points to define a roadway. If the            puter cannot handle a zero distance.
roadway changes grade or is curved, it is
divided into straight-line segments, each        The output data printed is more than is
segment defined by its two end points. If        needed for most problems. For each re-
traffic enters or leaves a road, or if the       ceiver, the following computed noise level
vehicle speed changes, a new roadway must         results are printed:
be defined, each roadway having constant
traffic volume and speed. How many road-             i. Octave band levels, reduced accord-
ways and roadway segments are required to                   ing to the A-weighted filter network,
describe accurately the noise level at a                   of the mean sound energy level reach-
receiver depends upon the geometry. For                   ing the receiver point.
a receiver located far from a multi-lane
highway without ramps, consideration of a             2. The A-weighted energy mean level,
single roadway is sufficient, with that                     LE(A).
single roadway assigned the total traffic
flow of the multi-lane highway. For re-               3. The noise pollution level, LNp, of
ceiver locations close to the highway, each               the A-weighted sound level.
trafflc lane might be described as an indi-
vidual roadway. Ramps also are treated as            4. The A-weighted 90 percentile level,
separate roadways.                                                  Lg0.

Noise barrier data is entered in the same             5. The A-weighted 50 percentile level,
way as roadway data, by the Cartesian co-                  L50.
ordinates in feet of points on the top
contour of the barrier. No sound is as-               6. The A-weighted 10 percentile leve!,
sumed to penetrate below the barrier con-                  LI0.
tour.

Usually, only the 10 percentile, level,. LIQ,
Barrier top contours that are curved in           and occasionally the noise pollutzon level,
plane or varying in slope are approximated       LNp, are needed in describing the noise en-
hy straight line barrier segments.. Barriers     vironment near highways; and the other four
may be designated either reflective or ab-        output data can be ignored. In ~urther dis-
sorptive to sound. The sound energy inci-        cussions of the computer program results,
dent on a reflective barrier directly from        only the L10 and the LNp will be considered.
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Before continuing with suggested guidelines                    an elevated roadway unless the
for problem analysis and some examples, a                      roadway edge is entered as a
few suggestions and precautions in the use                     barrier.
of tile program are offered.

c. Failure to extend the roadway in-
i. The program cannot be expected to                        put data to a distance well beyond

relieve the engineer of the burden                      the study area.
of thinking. Judgement is still
required.                                           4.3.3 Suggested Guidelines for Problem

~alysis
2. The complexity of each highway situa-

tion should be reduced to simple terms    Every engineer, as he gains more experience
when possible to limit the amount          with the use of the handbook and computer
of input data and computationa!             methods for noise computation, will develop
time required. To a first approxi-       his own system for analysing highway noise
marion, the computation time used is      Problems. Some suggestions are offered
proportional to the product of the         here, however, as guidelines to Droblem an-
number of roadways, the number of          alysis that may speed the learning process
barriers and the number of receivers,     and encourage a uniform and organized
Do not have more roadways nor road-       proach.
way segments than necessary to sa-
tisfactorily describe the source           ~ - For most highway problems a map
geometry. Limit the barriers to           of suitable scale can be found that describes
those that wil! have a significant         the road and thestudy area, e.g., an aerial
effect on the receivers of interest,      photograph or planimetrics. A simplified~
Rely on your understanding of noise       example of such a map is shown in Sketch 4.15.
propagation and noise contour shapes      Suppose this segment of a 6 lane road runs
to reduce the number of receivers to      through fairly open countryside. The ter-
a reasonable few.                                  rain is gently rolling, while the road is

comparatively flat, running through a modest
3. When the distances from the highway       cut at one end, and on fill and structure

to the receivers are small compared       over a small stream valley at the other end.
to the highway length, the study area
and roadway should be broken up into      What data should be prepared for the compu-
segments, each segment to be run on       ter in order to predict the noise produced
the computer as a separate problem,       by traffic on this road? How detailed should
This procedure saves greatly on com-      the input data be? How many receiver points
putation time.                                    should be designated?

4. Prepare the input data carefully and      Suppose that we are not interested in the
meticulously. The output data is          precise noise prediction for any one point;
no better than the input, and mis-         but, rather, since it is open country, we
takes are hard to find and sometimes      would like to know the general shape and
go unnoticed,                                     location of the 75, 70, and 65 dBA LI0 noise

contours.
5. In some cases, errors involving in-

put data that is incompatible with         By a quick calculation with the nomograph,
the program are detected by the com-      assuming all the traffic to be concentrated
puter. Error messages are printed         on a single lane, infinitely long and
in the following cases:                         straight, the 75, 70 and 65 decibel con-

tours can be found to fall at distances
a. A barrier intersects a roadway          from the road of approximately 200, 600 and

1800 feet. Hence, receivers should be lo-
b. The center line of a ground strip      cated at various distances between, say, 100

intersects a roadway,                      feet and 2000 feet.

c. The number of reflections from        ’Sketch 4.16 shows a schematic of the road
reflective barriers exceeds the         and the locations of possible choices of
upper limit,                                  input data points for the roadway, barrier

and receivers. A coordinate system is io-
6. Frequent errors not diagnosed by the      cated in the map (its particular location

computer include:                               is only a matter of convenience) and grid
lines are drawn and labeled in feet. The

a. A receiver located on or very near    six-lane highway is approximated by only
a barrier, road, or ground strip,      two roadways located in the center lanes of

the two directions. At distances greater
b. Failure to notice that the program    than 200 feet, all six lanes would be se-

does not recognize shielding for       parated only if special precision were
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6 LANE ROADWAY
100’ WIDE --~               ~- STREAM

CUT RANGING    FROM
5’ TO 15’ DEEP

UNDEVELOPED, UNZONED LAND
WITH    LIGHTLY WOODED    PATCHES
AND GENTLY    ROLLING TERRAIN

TRAFFIC
2000 AUTOS/HOUR

1,50 TRUCKS/HOUR
60 MPH

SCALE:    1 IN. = 500 FT.

SKETCH 4.15

MAP OF COUNTRY ROAD PROBLEM

4.25

C--1 08455 -
C-108455



-500                                                            "

(

-1000

- 1500

-2OOO                                    )
0 500 1000 1500 2000 2500 3000

SCALE 1 IN. ; 500 FT. "

! ROADWAY AND BARRIER INPUT DATA POINTS
0 RECEIVER INPUT DATA POINTS

SKETCH 4.16
INPUT DATA FOR COUNTRY ROAD PROBLEM

4.26

C--108456
C-108456



required in the computational results. The The nomograph also indicates, however, that
curvature of the road is approximated by the 70 dBA LI0 line would be about 500 to
several straight line segments. 600 feet from an infinite highway; and might

extend into the residentia! development.
Similarly, the cut barrier is approximated This area should be studied in some detail.
by only two segments, where the cut is
about 5 feet deep at the ends and 15 feet Sketch 4.18 shows a schematic reduction of
deep near the center. For contour lines the problem to a level that can be handled
200 feet or so from the road, 10’ high fill by the nomograph method. The roadway has
segments can be assumed to be on grade hay- been divided into 4 straight line segments.
ing negligible barrier effect. The earth mound top contour has been appro-

ximated by a single straight line. The
Receiver points are more densely populated noise contours shown were estimated from the
in regions where the contour line locations results of nomograph computations based on
are somewhat difficult to predict. In other this schematic problem map. It is clear
areas only a few receiver points are re- from this estimated noise contour map where
quired. The results of the computer program the receiver locations should be concentra-
should not be expected to draw the noise ted and what level of detail should be in-
contour lines for us, but rather to guide corporated in the roadway data.
us in developing the approximate shapes and
distances of the contours. Of course, the Sketch 4.19 shows a possible selection of
input data points for this problem were se- roadway, barrier, and receiver points. The
lected with the objective in mind to develop computed dBA L10 noise levels for these re-
rough noise contours for this highway situ- ceivers are also shown along with estimates
at!on. If precise contour locations were of the 75, 70 and 65 dBA LI0 noise contours.
desired, the required precision and quantity Compare these contours with those originally
of input data would increase accordingly, estimated based on the homograph method.

All the data input points shown are entered
on punched cards by x,y,z coordinates. Don’t The point of this example has been to de-
forget that the road does not end at x = 0 monstrate the utility of first analyzing
and x = 3000 feet. A usual method of inclu- a problem roughly by the nomograph method.
ding the effects of distant traffic, beyond The input data to the computer can then be
the study area, is to enter an additional greatly reduced in quantity with the more
flat and straight road segment at each end strategic selection of meaningful data
of the roadway shown, extending a distance points.
some 4 or 5 times the distance from the road
to the farthest receiver location. The
exact location of the point defining the 4.4 SP£CIAL CONSID£~AIIONS IN
far end of this segr~ent is not important NOISE
and is usually estimated.

The prediction methods presented so far
have been straightforward, for the most

Example - A four-lane highway with the two part, with little deviation from the in-
directions dividing to two, two-lane roads structions given in NCHRP Report 117 and
separated by about 240 feet is shown in the TSC Manual for Highway Noise Prediction.
Sketch 4.17. Part of the roadway is eleva- A few points need a little qualification,
ted 30 feet. A community is located some however, and others require expansion in
350 feet to the south; and an industrial order to apply to the broader range
complex is located 200 feet from one of highway noise problems encountered in prac-
the divided highway segments. A railroad tice.
spur, slightly elevated on fill, separates
the highway from the industria! complex. 4.4.1 Propa@ation of Sound over Large
The objective is to compute the highway Distances
traffic noise levels along the highway.

Equipped with the handboo~ and computer
An efficient method of analysis is to first methods available, the engineer is usually
use the nomograph method to determine the able to make meaningful traffic noise level
study areas of special concern, and to help predictions at points within 500 or 600 feet
reduce the amount and complexity of input of the highway. At these relatively smal!
data. For example, a quick calculation in- distances, local disturbances in the sound
dicates that the 75 dBA LI0 contour, for field caused by a few scattered buildings
an unshielded infinite highway with ~he here and there, trees, rolling terrain,
traffic given in this example, lies about etc., can be ignored and the overall des-
200 feet from the road - not quite to the cription of the traffic induced noise en-
industrial complex. It is hardly worth a vironment is still pretty accurate. At
detailed study of the contours in this area. large distances, however, say over I000
Hence, the possibl~ shielding effects of feet, the presently availabl~ computation
th," ra[]r~a~ s~,~r will be ignored; and few methods simply cannot account
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ings, trees, and terrain. Also the humidity,    A recent series of highway noise measure-
and wind and temperature gradients affect,        ments has indicated that noise propagating
quite markedly, the propagation of sound          near the surface of grassy terrain (e.g.,
over large distances. It cannot be claimed      5 feet high, or so) decreases with distance
the predicted noise levels at distances over     at a higher rate than noise propagating
i000 feet are more meaningfu! than simply         high above the surface. This propagation
guidelines to expected noise levels,                characteristic is shown clearly by the ver-

tical plane noise contour lines displayed
An idea of the uncertainty in predicted            in Figure 5.27, "Increase in Noise Level
noise levels at large distances can be             with Increasing Receiver Height", found in
found by comparing levels predicted by             Chapter 5. It is thus appropriate to ex-
the NCHRP Report 117 method with those             pect that, for many highway situations ty-
predicted by the nomograph at 1000 feet.          pically encountered in practice, the noise
For example, at 100 feet from a single             levels should fall off at a rate substan-
lane roadway carrying i000 cars per hour          tially greater than 3 decibels per distance
at 60 mph, the nomograph and the NCHRP             doubling, especially for receivers near
Report I17 method each predict 65 dBA LI0.        ground level.
But at 1000 feet, the nomograph predicts
55 dBA LI0.                                                There are no clear cut rules for determin-

ing which rate of noise reduction (which
method of analysis) should be applied to a

The reason for this difference involves the       particular problem. Some guidelines are
assumed rate of decrease in noise level with     offered as follows:
increase in distance. The NCHRP Report 117
method assumes that the LI0 noise levels              i. If there is clear, unobstructed line-
drop off at a rate typically ranging be-                   of-sight to all parts of a highway
tween 4% and 6 decibels per doubling of dis-               for distances, both directions, of
tance from the source. The nomograph (and                 more than 5 times the observer-high-
computer program) have an LI0 rate of de-                   way distance, use the three decibels
crease slightly greater than 3 decibels per                per distance doubling rate embodied
doubling of distance. Which is the more                   in the TSC nomograph and computer
accurate rate of decrease depends upon the                  methods. If there is clear line-of-
highway situation,                                                sight, as above, except for a limited

number of well defined, solid ob-
The mathematica! model upon which the com-                 structions to the propagation path,
puter program is based assumes that the                      use the three decibel rate; but con-
road is at grade level, is infinitely long,                 sider each obstruction as a noise
straight, and flat, and the surrounding                    barrier, and compute its effect on
terrain is also flat. Under these condi-                   the noise propagated to the observa-
tions, the line of vehicles does, indeed,                  tion point. This method should ge-
act nearly like a true line source; and                    nerally be applied to elevated re-
the 3 decibel per doubling rate of decrease                Ceiver locations at second story
is as it should be for "average" noisefrom                window height or so.
a line source. Any buildings or variations
in terrain that may act as noise barriers,            2. If the line-of-sight to the highway
and trees and ground cover that may affect                  is only partially blocked by rolling
the propagation of sound, must be put into                  terrain, scattered buildings, and
the computer program explicitly as input                   perhaps somewhat spare vegetation,
data if accurate computational results are                 use the reduction with distance rate
to be obtained for points far from a highway,              assumed in the NCHRP Report 117 me-

thod. This situation almost always
The 4% dBA L50 noise reduction per distance                applies to distances of over i000
doubling embodied in the NCHRP Report 117                  feet, not only because of partial
method was originally introduced as a result               shielding, but also because of me-
of a computer simulation model of highway                  teorological effects that tend to
traffic noise. A series of measurements                     reduce the sound propagated over
was obtained to compare with the simulation                large distances. In addition to the
results. The distance dependence charac-                  assumed average shielding effects
teristics in the two cases were found to                     inherent in the 4~ to 6 decibel rate,
agree very closely. Consideration of the                  conspicuous barriers to the highway
field test location geometries suggested                   noise should be considered explicitly
the possibility that, in many practical                      in this method also.
situations, the length of roadway that ef-
fectively contributes to the noise levels
observed at a particular point is not in-
finite; but, rather the extremities of the        At very large distances the rat~: of noise
roadway are shielded somewhat from the ob-        decrease with increasing distance is accel-
server by terrain, trees and other foliage,       erated in all prediction methods because of
and miscellaneous buildings and structures,       the effects of atmospheric sound absorption.
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A noise reduction of five decibels was sug-      noise level for low volume traffic are of
gested in Chapter 1 for a one hundred foot       uncertain accuracy. Very little ’field re-
depth of dense forest having trees extend-       rification data for low traffic volume
ing at least 15 feet above the line-of-           noise has been available.
sight between the highway traffic noise
sources and the observer, provided there is      In the final step in the L~0 computation,
abundant foliage above and underbrush or          the TSC computer program assumes that the
ground cover below. For an additional             time distribution of noise level at any
depth of woods of i00 feet or more, an ad-       point from ~ highway is Gaussian. For a
ditional 5 dBA attenuation can be assumed;        randomly distributed, high volume of traffic,
but the total attenuation claimed for all         this assumption is probably nearly true;
such plantings should not exceed i0 decibels, however, for sparse traffic the distribution
Appropriate reductions of the predicted           is far from Gaussian. The volume line in
noise levels at specific observer locations      the TSC traffic prediction nomograph shown
can be made as was shown in Exhibits 4.13         in Figure 4.10 has been extrapolated down-
and 4.14 when the location is shielded by         ward to i0 vehicles per hour. The homograph
a s°ubstantial forested area. Or the noise       wil! now yield the same results as the com-
contour lines can be adjusted to show the        puter program. The predicted levels for
forest noise reduction in the same way they      these low traffic volumes, however, will
were drawn to show the effects of barriers        in many situations be higher than should
in Sketch 4.19. Usually, explicit noise          realistically be expected.
reduction values are not assigned to sparse                                                  VD
woodlands, occasional trees, shrubs and           The L,0-Ls0adjustment parameter, ~-., in the
ground cover. On the average, over large         NCHRP Report 117 method has also been ex-
distances, the effects of these items are        trapolated downward to permit the computa-
accounted for in the NCHRP Report 117 rate        tion of levels at points near sparse traffic.
of noise r~duction per distance doubling.         This extrapolated curve, shown in Figure 4.5,

was generated from the theoretical model of
Johnson and Saunders* for the 10 percentile

Likewise, well defined rows of houses having     level produced by a regular array of moving
50%, or less, open space between houses may      vehicles. At high volumes this model is not
produce significant reduction in noise level     expected to be very accurate because of the
to the areas on the side of the houses oppo-     periodic overlap of source influence. At
site the highway. In Chapter i, the reduc-      large values of the parameter VD/S, the de-
tion estimates recommended for the first row     sign curve in Figure 4.5 departs considera-
of houses were: 3 dBA for one row of build-     bly from the Johnson and Saunders theory.
ings occupying 40% to 60% of the length of       However, at low values of VD/S, where the
the row; 5 dBA for one row of buildings oc-      sources appear to be widely spaced, there
cupying 70% to 90% of the length. More rows     is no appreciable overlap of source influ-
equally densely packed may be assigned com-      ence and the regular array theory should
parable noise reductions up to a maximum of      closely approximate the results for a ran-
i0 decibels reduction for the combined el-       dom distribution of vehicles as well. In
fect of multiple rows. Single large build-      the limit, as the vehicle spacing approaches
ings can be considered individually as noise     infinity, the L~0-Ls0 adjustment approaches
barriers; and, scattered houses and small         the maxSmum of 13 decibels. Thus the L,o-
buildings are usually ignored, or taken into     Ls~ curve quickly levels off as VD/S drops
account implicitly in the NCHRP Report 117       below 200 and reaches an upper limit of 13
rate of noise reduction with distance doub-      decibels. An even simpler model of the L~
ling. Again, the shielding adjustment can       noise level of a single vehicle pass-by
be made for any observation point by en-          (a regular array of vehicles of infinite
tering the value in the tally sheet; or           spacing) limits the L~o-L~ adjustment to
noise contours can be appropriately adjus-       a maximum of 14 decibels. Hence the John-
ted to yield a better visualization of the       son and Saunders theory is thought to re-
shielding effects,                                        present a satisfactory descr£ption of the
4.4.2 Interchange and Ram~ Traffic Noise         adjustment, Ll0-Ls0~at points near low traf-

fic volume roads.
Not every highway noise problem iivolves
continuous, freely f!owing traffic. In           A quick comparison between the results of
many cases the severest noise problems oc-       the nomograph method and the NCHRP Report
cur at the interchanges and ramps to express-    117 method can be made by the following ex-
ways. The high noise levels associated with     ample: Suppose there are 20 trucks per
vehicle accelerations, and the close proxi-      hour traveling at a speed of 40 mph on a
mity of the ramp traffic to houses and oth-      single lane ramp. What would be the
er buildings located along local crossroads
and feeder streets can often more than com-       *’"The Evaluation of Noise from Freely Flow-
pensate for the comparatively low ramp vo-        ing Road Traffic". D.R. Johnson and E.G.
fume. Unfortunately, the available compu-        Saunders, J. Sound and Vibration, Vol. 7,
tational methods for determining the L~0           No. 2 pp 28’~ - 309’ (1968).
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noise level at I00 feet? The Figure 4.10                  the computer program to handle such
nomograph yields the solution 70 dBA Ll0.                   situations. This method consists of
From the Figure 4.5 extrapolation of the                    substituting 15 automobiles for each
NCHRP Report 117 method, the computed para-                truck when VD/S is less than 200, and
meter VD/S = 50 indicates an L10 noise leve!              recomputing the predicted noise level
of 62 dBA. Not all the 8 decibel discrepancy             for a new augmented volume consisting
here is due to the computational method. Re-             entirely of automobiles. This method
call that the average truck noise emission                will not, in general, yield an accur-
leve! for the TSC program is 5 decibels high-             ate pre--~-~iction of the truck contri-
er than the level used in the NCHRP Report                  bhtion to the noise levels at the ob-
117 method. Thus, al!owing for this differ-               server location in question. The
ence in assumed source level, the nomograph                 computation will satisfactorily des-
and NCHRP Report 117 methods differ by per-                cribe the total noise environment at
haps only three decibels for this example,                  that point only when the automobile
For smaller values of the parameter VD/S,                   volume is sufficiently high as to
the discrepancy increases because of the                    rende~ the truck noise contribution
Gaussian distribution assumption inherent                  negligible. The situation can be
in the computer program mathematics. The                    remedied by modifying thu computer
objective of this little exercise is not so                 program to calculate the L,~-L~,, ad-
much to compare the results of one method                  justment for VD/S less than 200 from
with those of another, but rather, to point                the Johnson and Saunders relation:
out that under certain conditions where the
receiver is near a road of low vehicle vo-      1 cosh ([.19 x 10-~i,~)I
fume, the TSC computer method and nomograph          L~0-L~=I0 Log
may tend to overstate the noise level. The                                cosh (l.19x10-]i,D)-0.951
problem is, of course, minima! when a suf-
ficiently high volume of automobile traffic               In the meantime, hand computations
dominates the noise environment,                              can be made using the graph shown

for L~-Ls0 in Figure 4.5.One last item should be discussed regarding
the computation of noise from low traffic         There are yet three other special consider-
volume roadways - the "Michigan Noise Pre-        ations in determining the noise levels near
dictor Computer Program". The complete            ramps and interchanges. To facilitate dis-
prediction method of NCHRP Report 117 has         cussion of these three considerations, ima-
been computer programmed by the Michigan          gine that an interchange can be broken down
Department of State Highways. Given the          into three roadway categories:
traffic data and geometry data as required
for hand computations by the NCHRP Report              i. Roadway segments on which the traffic
117 method, the computer program can per-                   is neither accelerating, nor climbing
form the table search, data storage, and                     up a gradient, e.g. feeder roads,
summation.functions quickly and accurately                 distributor roads, and off-ramps
to determine the resulting L~o and L,o                      where vehicle speed is nearly con-
noise levels at a particular receiver loca-                 stant;
tion. Because the program was designed for
use on a time-share computer terminal, the            2. Roadway segments where traffic is
results of modified input data to the pro-                  climbing up a gradient, but not ac-
gram can be rapidly generated, permitting                   celerating, e.g., category 1 above,
the efficient investigation of the effects                 but the road is also on a gradient;
of various alternate highway and barrier
designs.                                                         3. Roadway segments on which the traffic

is accelerating to attain t~e final’l~wo precautions regarding the program should              highway speed, e.g. on-ramps for
be mentioned:                                                                                      ’ autos, and perhaps the first mile or

so of the highway downstremn of thei. Like any other computer program, this              ramp for trucks.
one requires that the user understand
the basic physical principles in-          The first of these segments can be treated
volved in the computations. Since         in the usua! way using as traffic data the
the program is based on the computa-      estimated volume and average speed of vehi-
tional methods employed by NCHRP Re-      cles on the ramp segment. The computations
port 117, the user should have a work-    for the second segment type are also per-
ing understanding of that document,        formed in the usual way with the exception

that an adjustment is added to the truck le-
2. Since the NCHRP Report 117 graph for      vels in accordance with Table 4.2 to account

determining the adjustment L]0-Ls~         for the increased noise levels produced by
does not accommodate values of the         trucks on a gradient. This gradient adjust-
parameter VD/S below 200, a substi-      ment, however, should only be added to the
tution method was devised to enable        levels computed by the NCHRP Report 117
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method where standard highway trucks are segment to which they apply is extended in
assumed to have an average noise emission accordance with the guidelines offered in
level of 82 dBA. Recall from Chapter 2 the Highway Capacity Manual, 1965.
that the average truck noise emission le-
vel used in the TSC computer method is 87 For accelerating automobiles, the two-decibel
dBA under al! operating conditions. This reduced vehicle spacing adjustment, added to
emission level is typical of highway trucks the 69 dBA noise emission level typical of
at high cruising speeds where the throttle accelerating automobiles, just about equals
is in the nearly wide-open position for the 69 to 73 dBA noise emission level typi-
much of the time. But, it is also typical cal of automobiles traveling at 60 mph.
of diesel trucks under certain lower speed Therefore, the levels due to accelerating
conditions when the throttle, isopened automobiles on ramp segments are computed
wide for gradient segments and for accel- without adjustment, in the usual manner us-
eration. Thus the gradient adjustments ing the specified ramp automobile volume,
and the acceleration adjustment are al- but using the final highway speed.
ready embodied in the 87 dBA emission leve!
assumed for the TSC computer program trucks. The treatment of interchange and ramp traffic
Additional upward adjustments for gradients noise can be summarized as shown in Exhibit
would result in corresponding overstatements 4.17 below:
of the resulting noise levels.

EXHIBIT 4.]7
For noise computations involving accelera-
tion roadways, a slight modification of the RAMP AND INTERCHANGE TRAFFIC NOISE
standard computation method is required to
account for a roadway segment that does not A4justment.
have a uniform traffic speed throughout. All Segment Traffic

N~HRP Ill TSCthe computational methods discussed so far Category Data A
have the common requirement that the traffic

#i) No Kradlent, Specifiedon any one segment must have a constant traf- no acceleration vol~e and speed     0
fic volume and speed over the entire length
of the segment.    For a segment on which the 12) Up-~radlen~ Speclfled ~amp

no acceleration vol~e and speed 0
speed varies, the question becomes, "which
speed should be used in the computations?" #3) Accelera~In~ Speelfled ramp
If a low speed is chosen, the vehicles will traffic vol~e and f{.~     0
appear to be closely spaced over the entire hi,way speed
length of the acceleration roadway, result- ~Dependln~ on % Kradlent, see Table ~.2
ing in an artificially high noise leve!. On
the other hand, the choice of a high speed
would result in too low a predicted noise When using the TSC computer program method,
level, the effects of accelerating vehicles can

more accurately be taken into account by di-
A compromise solution that leads to a simple viding the acceleration roadway into smaller
result is to assume that each vehicle accel- segments each assigned an appropriate speed.
crates according to a constant power rela-
tionship. The average speed over the length 4.4.3 Surmaary of Differences between the
of the acceleration roadway would then be HCIIKP Report 117 and the TSC Methods.
2/3 the final speed where the ramp entrance
speed is zero. Compared with the final Throughout Chapters 2 and 4, comparisons have
highway speed, this average speed results been made between the NCHRP Report 117 and
in a reduced vehicle spacing that increases the TSC highway noise prediction methods.
the truck noise level by two decibels. All major differences have been discussed.
Thus, to compute the noise level due to However, before concluding this chapter on
trucks on an acceleration roadway, simply the prediction of highway noise, perhaps it
add two decibels to the levels computed for would be helpful to Summarize these differ-
the specified ramp truck volume and the ences in method, results and application.
final highway speed. If using the NCHRP Re- Those items that are easily tabulated are
port 117 method, also add 5 decibels more to" shown below in Exhibit 4.18.
the computed level to account for the in-
creased source noise levels corresponding A few other earlier discussions of the two
to accelerating trucks. Only the two-deci- prediction methods, not so easily tabulated,
bel, average spacing adjustment should be should also be summarized here.
made to the TSC computer method results for
trucks. Generally, these adjustments should i. The TSC computer program calculations
apply to a mile long stretch downstream from carry the traffic statistics all the
the ramp entrance if the expressway is flat, way through the problem geometry with
straight, and wide. If the trucks are ac- only minor simplification. The compu-
celerating up a gradient, all the adjust- tations involving barrier noise re-
ments are the same; but the acceleration ductions, and roadway segment contri-
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butions are very accurate and useful.        3. The NCHRP Report 117 4% to 6 decibel
The program is especially handy in                decrease in noise level with distance
performing the complex geometry com-              doubling is more useful when studying
putations involved in predicting the              the ground level noise environment
noise from interchanges,                              over a relatively large area of rol-

ling terrain, ground cover, and scat-
tered trees and buildings; and a

2. The NCHRP Report 117 truck emission               noise level estimate in terms of a
levels are more applicable to lower               "local average" is sufficiently ac-
speed highway situations or off-                   curate.
highway roads where the cruise con-
dition is at somewhat less than full               The TSC method 3+ decibel decrease in
throttle. The flexibility permitted              noise level with distance doubling is
in the adjustments to source levels                more accurate when, except for well-
for gradients, accelerations, and                   defined noise barriers, there is clear
surface materials is useful and                     line of sight from the observer to all
should be employed wherever applicable,           parts of the highway. This situation

often occurs when the observer posi-
The TSC truck noise emission levels                tion is somewhat elevated, e.g., at
are likely to be more accurate in                  the second story bedroom window.
high speed highway situations, and
other situations requiring high power,    With experience in the use of the prediction
where trucks are operating at nearly      methods and a willingness to make some
wide-open throttle. The program can      thoughtful judgements, the engineer will
be simply modified to handle a broad-    find that the two prediction methods are
er range of situations encountered in     not so much in conflict as may have seemed
practice, e.g., emission level adjust-    at first encounter, but rather, together
ments, acceleration roadways, non-        make a fairly complete and efficient set of
Gaussian treatment of low volume pre-    highway traffic noise prediction and analy-
dictions,                                         sis tools.

EXHIBIT 4.18

SUMMARY OF DIFFERENCES BETWEEN PREDICTION METHODS

Item               NCHRP 117         TSC Method        Comments

Emission levels                                                 TSC level at
Trucks          82 dBA              87 dBA              observer cortes-
Autos 60 dBA @ 30 mph 61 dBA @ 30 mph poq~ingly higher

71 dBA @ y0 mph F5 dBA @ 70 mph than NCHRP
levels

0ccrcase in        4-1/2 to 6 de-    3+ decibels per Significantly
~oise level        cibels per dis- distance           greater reductio~
with increasing tance doubling    doublln£            over large distano~::
di:~tance                                                          with NCHRP 117

’Low traffic        Johnson &           Assumption 0~’     For small value~ :~
w>[ume extra-     Saunders           Gau~sian dlst-    VD/S, TSC sllghtl~
polatlon           equation for      ribution           over-states the

regular array                           levels

Aeceler’ation      +5 dBA              None                 Adjustment ~ake~;
adju:;tment to                                                   emission levels for
truck emission                                                  for NCHRP 117 and
levels                                                      TSC the same
’~aiiient ad-     +2 to +5 dBA     None             Adjustment brin~<~
ju~tment to        depending on                              NCHRP 117 an(] TSC
truck emission    gradient                                 emission levels
levels                                                             in closer agreement.
Surface ad-        -5 to +5 dBA      N~ne                 Usually Of minor .....
justment for      depending on                            importance
automobiles        s~rface
Barrier n’oise     5 ~BA less         Computation       NCHRP i17 metho~i
reduction for     effective than    based on source oversimplifies for
tr.~cks               for autos           and barrier        high truck vo]u~,~;

geometry
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4.4.4 Urban Noise Complications                    Could these results and models be aDplied di-
rectly to any other city? Perhaps the traf-

While the prediction methods for freely           fic types and patterns in some of the larger
flowing highway traffic noise are fairly          cities are sufficiently similar that the re-
well developed, the noise emission and pro-      sults would apply. Insufficient data is
pagation characteristics for urban noise          avail~le at this time to allow a comparison.
situations are complicated and have not yet      Certainly the methods do no__~t apply to al~l
been reduced to simple prediction methods,        cities.

Typical urban traffic can not be described       There are other noises of city traffic that
as freely flowing, but as stop-and-go traf-      are not included in the avail~le traffic
fic controlled by traffic signals and flow       noise prediction methods, e.g., idling tea[-
constrictions on congested city streets,          fic where noise is produced by traffic of                    -
bridges, tunnels and frontage roads. Re-         zero speed, and rattles and horns which are
liable models of stop-and-go traffic, suita-     not described by the prediction model, but
ble for general application, have not been       nevertheless, contribute heavily to annoyance.
developed. The HUD Noise Assessment Guide-
lines* makes adjustment for points within         Describing the propagation of noise through
800 feet of stop-and-go traffic through a         cities is also a very complex problem.. For
traffic multiplier approximately equivalent      example, the noise propagation down a side
to adding 3 to 5 dBA to the freely flowing       street could not be described as "free field"
traffic noise prediction. At points where       propagation. The rate of noise reduction with
the noise level is dominated by accelerat-        distance depends on the street width, on the
ing traffic entering high-speed highway           number and size of sound reflecting and scat-
lanes, the r~p traffic model suggested in        tering surfaces along the propagation path,
Section 4.4.2 of this text adds 2 or 7 de-        and on the amount of sound energy distributed
cibels to the freely flowing traffic noise        to cross streets as shown in Sketch 4.20. Of-
predictions depending on whether the TSC          ten the noise from ~e traffic activity on
method or the NCHRP Report 117 method is used. the side street dominates the noise propaga-

ting down the street from some other noise
But measurements in New York City, made both     source, say an expressway or high traffic vo-
very near, and far from traffic signals in-       fume route. In such cases, the noise predic-
dicated that no adjustment should be made to     tion requirements for a new highway may be
frcely flowing-traffic noise to describe stop- simplified rather than complicated. If we
and-go traffic noise. Although it is gener-     need only concern ourselves with the impact
ally agreed that accelerating vehicles pro-       of the new highway on the buildings that are
duce more noise than vehicles traveling at        very near the travel lanes and have clear
uniform speed, in the highly urbanized            line-of-sight to al! the highway, the condi-
traffic situation only a fraction of the ve-     tions are then satisfied for which the pre-
hicles were accelerating at any point in          diction methods are most accurate. The pro-
time - some vehicles were idling, some were      blem is well suited to solution by, for ex-
decelerating, and some were continuing at         ~ple, the TSC nomograph method for an in-
a uniform speed. For heavy trucks it was         finitely long, level and straight highway.
concluded that, on the average, the NCH~
Report 117 prediction method could be ap-
plied directly to the stop-and-go traffic
situation assuming, for volume and speed,that the flow is uninterrupted by the traf-    I ~
fic signal. For the traffic conditiohs mea-
sured, the automobile contribution to the
noise level was insignificant. The number
of medium sized trucks was so large, however,~
that they could neither be ignored, nor in-                           o

classifications without significant error._~ ~ /~                                            w         ------
A special prediction model w~s developed to                       _~        ~               | ~
include these medium sized trucks in the
prediction method for stop-and-go traffic
in New York City.

* See Noise Assessment Guidelines Technical
Background, O.S. Dept. of Housing and Ur-
ban Development, Office of Research and
Technology. Washington, D.C. 20410                                    ~KHICH 4.20                             ~--~
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Vertical propagation of noise to upper floors As another complication, there is the opinion
in multi-story buildings is particularly dif-    shared by many that the L,0 traffic noise
ficult to describe under the reverberant          standards that apply to land uses along ma-
"canyon" conditions shown in Sketch 4.21.         jor highways are not as appropriate in high-
The noise level at the upper f!oors is not       ly urbanized environments where the distances
only increased because of the confined vo-       are so small between dwellings and traffic
fume, but has a more diffuse sound. Even         lanes. For example, 10 trucks per hour tra-
the standard vehicle emission levels are          veling at 30 mph should produce an L~0 of
likely to be inappropriate for application       73 dBA at a distance of 15 feet; but, every
to city street traffic because of the modi-      six minutes, on the average, the truck pass-
fled driver habits in confined and congested     by noise level raises to 92 dBA, almost 20
areas. Noise measurements made at second        decibels higher than the L,0.
story height in narrow, confined streets,
where a reverberant increase in sound level      Other questions regarding noise standards
was expected showed no such increase over         arise in city environments. Often the exist-
measurements made in broader streets,              ing noise level exceeds PPM 90-2’s 70 dBA

L,0 design noise level. No amount of noise
reduction planning for a new highway will
serve to reduce the noise level below the
design noise leve!. On the other hand, if
the existing noise level is due to low speed

S£CT~0N.                                                trucks, e.g., on a frontage road, the reduc-
tion in vehicle engine and exhaust emission
levels expected in future trucks may reduce
the frontage road traffic noise to the point
that the new, high-speed highway becomes the
dominant source.

Criteria for allowable increase in noise le-
vel require a critical review before appli-

II~OUDKR, PtUS           ~                 cation to urban noise situations. What el-
"IHOtLOW OOAt~r¥         ~                 lowable increase in noise level is appropri-

ate when the existing noise level is already
as high as 70 dBA L~0?

Finally, as a point of interpretation of the
PPM 90-2 design noise levels, protection of

SCATTHR~NG    the highway’s neighbors is the final objec-
//                    tive. Self-serving interpretations to the

detriment of the highway neighbors are arti-
ficial, and weaken the usefulness of efforts
to assess and control traffic noise. It is
conceded by all that many of our highway
and urban noise problems are tough ones.
But progress is being made.by earnest pro-
fessionals in many fields as more and more
learn and use the fundamental concepts in-

SK£ICH 4.~]                         volved in highway noise.
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FIGURE 4.9         Sheet     of

TRAFFIC NOISE COMPUTATIO~ TALLY

NOISE LEVEL, dBA

Project                                    Engineer

Segment                                       Date

Autos/hr.                Trucks/hr.           Miles/hr.

Highway Width           feet.          Observer

Comments

Item A T A T A T A T

I<O> reference at i00 feet

Distance, width adjustment

LIo-Lso adjustment

LIO reference at observer

Segment adjustment

Barrier adjustment

Gradient

Road surface

Foliage

Rows of houses

LIO at observer, by veh. type

LI~~ at observer, summed
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TABLE 4.1                                          ~-.

ADJUSTMENTS TO AUTOMOBILE NOISE LEVELS FOR

ROAD SURFACE TYPE

Surface Adjustmen
Type Description (dB)

Smo~th Very smooth, seal-coated
asphalt pavement

Moderately rou~J~ asphalt
concrete ~ur ~ace

Rough I{~)u~h asphalt pavement with
large voids 1/2 in.
larger In d£ameter, grooved
concrete

TABLE 4.2

LEVEL ADJUSTMENTS FOR TRUCKS ON GRADIENTS

I
Gradient (%)      Adjustment (dB)

< 2

3 tO 4                  +2

~5 to 6

~>_7                     +5

*Tl~e influence of r’,r.ad[ents of 2~
or less ~; cem~idered to be ne~-
ligible

TABLE 4.3

ADJUSTMENT TO NOISE LEVEL FOR FINITE BARRIERS, dBA

Infinite Ratio ~/B
Barrier
Performance 0 .I .2 .3 .~ .5 .6 .7 .8 .9 1.0

-5 dB 0 0 -I -I -I -2 -2 -3 -4 -4 -5

-I0 ,IB 0 0 -I -i -2 ’-3 -3 -~ -6 -7 -i’}~

-15 ,iB 0 0 -i -2 -2 -3 -4 -5 -7 -]0 -15

ROADWAY
SEGMENT BARRIER
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¯ EXTENDED BARRIER PROBLEM COMPUTER OUTPUT DATA

075
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69 66 0 0
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EXTENDED BARRIER PROBLEM NOISE CONTOUR LINES

66~/S
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COMPUTER OUTPUT DATA FOR COUNTRY ROAD PROBLEM
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CHAPTER 5

NOISE ABATEMENT

In Chapter 5, we discuss the several methods upon the barrier attenuation desired. ~4ore
of traffic noise abatement available to the will be said below about this transmitted
highway engineer, as design options. The noise.
design of roadside acoustic barriers is em-
phasized. A newly developed design tool for ¯ The final path shown in Fig. 5.1 is the
roadside barriers is presented and discussed, reflected path. After reflection, the noise
Examples are included that illustrate the is’ of concern only to a receiver on the oppo-
power of this design tool in quickly pre- site side of the roadway, across from the
dicting the reduction in both the LI0 and barrier. For this reason, acoustical absorp-
the LNp of highway traffic noi’se, tion on the face of the barrier will reduce

this reflected noise, but will not benefit
The other methods of noise abatement through any receivers in the shadow zone. Their
highway design are reviewed, and various.pit- nois9 is diffracting over the top of the
falls in their use are discussed. In addi~ 5~rrier, unaffected by ~he absorption.
tion, anticipated reduction in individual
vehicle noise is briefly reviewed. In summary, a receiver in the shadow zone

hears the noise that has diffracted over the
5.1    BARRIER ATTENUATION OF TRAFFIC NOISE top of the barrier. The resulting noise le-

vel is less than it would be without the
5.1.1 Review of Some Basic Principles barrier; the net benefit is called the "bar-

rier attenuation." If the barrier transmits
The principlesof barrier attenuation were an excessive amount of noise, this transmitted
discussed in Chapter i. Several of these noise may "short-circuit" the barrier atten-
principles will be reviewed here, before the uation.
details of barrier attenuation calculations
are presented. Another short-.circuit path is shown in Fig.

5.2, a plan view of the same barrier. The
A section through a roadside barrier is noise diffracted over the top of the barrier
shown in Fig. 5.1. Noise emanating from the is reduced by the barrier attenuation. How-
roadway on the left can follow four paths ever, part of the roadway is unshielded by
that are important for our purposes. These the barrier. The receiver can see the road-
paths are shown in the figure, way beyond the ends of the barrier, up and

down the corridor. If the barrier is not
¯ The traffic noise follows a direct path long enough, then this noise from around the

to receivers who can see the traf~ll ends may compromise, or short-circuit, the
over the top of the barrier. The barrier barrier attenuation. The required barrier
does not block their linerof-sight (L/S) and length depends-upon the net attenuatio~
therefore provides no attenuation. No matter sired. When some i0 to 15 dBA attenuation
how absorptive the barrier is, it cannot suck desired, roadside barriers must be very long,
the sound downward and absorb it. as indicated by the example in Chapter i.

Therefore, barriers must not only break the
¯ The noise follows a diffracted path to lines-of-sight to the nearest section of

receivers in the shadow zone of the barrier, roadway, but also to the roadway far up and
The noise that passes just over the top edge down the corridor¯
of the barrier is diffracted (bent) down into
the apparent shadow shown in the figure. The One other general principle is worth review-
larger the angle of diffraction, the more the ins at this point: the relation between noise
barrier attenuates the noise in this shadow attenuation expressed (i) in decibels, (2) in
zone. In other words, less energy is dif- energy terms, and (3) in subjective loudness¯
fracted through large angles than is dif-
fracted through smaller angles¯ Table 5.1 summarizes the relationship be-

tween decibels, energy, and loudness. As
¯ In the shadow zone, the nois4 trans- indicated in the loudness column, a barrier

mitted directly through the barrier may be attenuation of 3 dBA will be barely dis-
~icant in some cases. For example, for cerned by the receiver. To cut the loudness
extremely large angles of diffraction, the of the highway in half requires a reduction
diffracted noise may be less than the trans- of i0 dBA - equivalent to eliminating 90 per-
mitted noise. In this case the transmitted cent of the energy initially headed towards
noise is compromising the performance of the the receiver. As indicated above, this dras-
barrier, and it must be reduced - usually by tic reduction in energy requires very long
constructing a heavier barrier¯ The allow- barriers, as well as very high barriers.
able amount of transmitted noise depends
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Often this reduction is the practical limit also slants away from the vertical. Figure
in barrier design - a good rule of thumb to 5.8 below illustrates this slant geometry.
remember.

The source end of the L/S terminates at the
pavement for automobile traffic and 8 feet

I BARRIER ATT£NOAT~ON | above the pavement for truck traffic. At
the receiver end, the L/S ternlinates at the
receiver’s ear height, which may be several
stories above the ground for bedroom win-
dows, etc. The figure drawn in Report 117

5 dBA - S~MPLE is quite misleading (Figure 5.5). The dou-
]0 dBA - ATTAINABLE ble line drawn between the equivalent lane

and the observer in Figure 5.5 is the line-
| 5 dBA - VERY D~££~CULT of-sight, not the ground plane. With this

in mind, th-~-two sets of parameters are the
20 dBA - NEARLY IMPOSSIBLE same.

To achieve a 20 dBA reduction - An additional complication enters when the
thereby cutting the energy by 99% - requires noise source consists of severa! lanes of
enormous structures, supplemented by great traffic, and it is desired to combine all
ingenuity to prevent short-circuiting lanes into one equivalent lane. For such
around this 99% "filter". cases, the equivalent distance from barrier

to source must be computed. The computation
5.1.2 NCHRP Report 117 Barrier Pr0¢edure         uses the same equation as the equivalent dis-

tance De from receiver to source, discussed
To compute the barrier attenuation using         above in Chapter 4. However, for the bar-rier attenuation calculation, it is theNCHRP Report 117, the following procedure equivalent barrier-to-source distance thatis followed: is computed. The computation is carried out

in Example 4 below. ¯First the roadway is broken into segments
with uniform barrier characteristics, as
illustrated in Figure 5.3. Then the segment As a short-cut, Report 117 allows the barrier
contribution is computed for each of the calculation to be made only for automobiles,
segments individually, using the procedures with the trucks automatically assigned 5 dBA

less attenuation. This 5 dBA truck correc-described in Chapter 4. For the segment Lion is a rough average for many barriershielded by the barrier, the segment con-
tribution is reduced by the barrier attenu- situations, and was suggested in Report 117
ation. The complete routine is performed for situations where truck noise does not
twice, once for automobiles and once for dominate. Since we now are restricting our
trucks. Finally, the segment contributiuns, calculations to the ten-percentile level     ,
for both autos and trucks, are combined by

this 5 dBA adjustment should be restricte~10

dB-addition to yield the net noise at the to highways with extremely low truck percen-
observer. Then a comparison of the shielded rages, say below 1 percent. Rather than use
with the unshielded noise indicates the net this short-cut of Report 117, it is suggested
barrier attenuation. For the case of Figure that the barrier calculation be performed in

5.3, the 120-degree segment would control the full for the trucks (with their eight-foot
noise at the observer, without the barrier, source height) a-~-~[-then 5 dBA added, to ap-
With the barrier, it is likely that the proximate the automobile no~se attenuation.
noise would be controlled by the 30-degree
segments, unless the barrier were very low. With this revised short-cut, the dominant
Then it might be controlled by the truck truck noise is afforded the more accurate
noise from the 120-degree segment. Only a calculation. It is highly recommended, how-
separate calculation for automobiles and ever, that the calculations be made sepa-
trucks can indicate the true relationship, rately for both autos and trucks, as des-

cribed above, rather than relying upon
To compute the barrier attenuation of the either short-cut.
120-degree segment, the parameters shown in
Figure 5.4 must be known. These are the same Another short-cut described in Report 117
parameters discussed in general terms in involves the use of Figure 5.6 to avoid the

initial break-up into segments. Whenever
Chapter I. First the line-of-sight (L/S)
between the noise source and the observer is

a barrier shields only a part of the road-

drawn; then H equals the perpendicular break
way (non-infinite barrier), this figure can

in this line-of-sight. As can be seen from
be used to correct the infinite barrier per-
formance. In this manner, the noise comingthe figure, H is not the barrier height, around the ends of the barrier, from theAs a matter-of-fact, if the line-of-sight

slants up or down from the source to the
unshielded segments of the roadway, is taken

receiver, then this perpendicular break H
into account. For example, if the previous
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figure had indi~ahed a i0 dBA barrier at- of the barrier system. What is needed is a
tenuation (infinite barrier), and the bar- quick and inexpensive approximation to the
rier subtended an angle of 120 degrees (out computer program - one that indicates the
of the total 180-degree roadway) then the lative contribution of the various components
ratio of ~ to 8 would be 0.67. The table of the noise, in addition.
would then indicate that the finite barrier
attenuation is 4 dBA.

5.1.3 Additional Ba’rrier Research BARRIER PROCEDURES

Since the barrier attenuation curves of
Figure 5.5 were drawn, much additional bar-
rier research, both theoretical and experi- BKNEFITS DRAWBACKS
mental, has been undertaken. The theoreti-
cal research indicates several departures TSC ¯ STATE-OF- ¯ EXPENSWE
from the curves of ~igure 5.5. First, in
the region of low H~/D, more attenuation is ¯ T~ME CONSUMIN6
expected than shown in the figure. In fact, ¯
for H = 0, the diffraction theory predicts "WEAK L~NKS"
5 dBA attenuation, rather than the 0 dBA at-
tenuation shown. This additional work is R£PORTIIT ¯ HAND DON£ ¯ LOW ACCURACY
included in the barrier calculations of ¯
~ia. 1.10 in Chapter i. As is evident, there
is a significant increase in complexity in-
volved. For intermediate values of H2/D, ~NOMOGRAPH¯.MANDDON£ ¯

ROADWAYS ONLY
the theory has been exten~e~ to incorporate ¯ GOOD DESIGN
barrier attenuation from line sources. As TOOL
shown in Chapter i, the b~-~er attenuation ¯ APPROXIMATES
for vehicles far down a roadway is less than TSC ACCURACY
for the closer-by vehicles, since both the
barrier-to-source and the barrier-to-observer
distances have increased. As a result, the
net attenuation from a full line of noise
sources is less than if they were all concen-
trated at the closest point of the roadway.
This results in lower barrier attenuation 5.1.4 N0m0graph Barrier Procedure
for traffic noise than is shown in Figure 5.5.

The calculation procedure described in the
Parallel to the theoretical work, much ex- present chapter has been developed as a deL
perimental work has been undertaken over the sign tool, to enable quick barrier calcula- .
past several years, both on laboratory mo- tions approximating the TSC computer program.
dels and on full-scale field installations. It is less precise than the computer program,
All of this work confirms the most recent but more convenient as a design tool. It is
theory, recommended as a substitute for the calcula-

tion procedure of NCHRP Report 117. It will
The barrier attenuation computations con- be referred to as the "Nomograph Barrier Pro-
rained in the TSC computer program incorpor- cedure".
ate the results of ~this most recent theory
and experimentation. As such, the TSC bar- This procedure assumes an infinite straight
rier attenuation is state of the art. In roadway, with a barrier of uniform height
addition, the complex geometries involved that parallels the roadway at a constant dis-
in a complex barrier system design are pro- tance. It can generally be used with confi-
perly treated by the computer program. Both dence when the geometry is ~ straight
roadways and barriers are divided fully into and parallel - as it usually appears to very
segments, the attenuation for each is calcu- close,by receivers. The barrier can be of
fated, and then the conglomeration is recom- finite length and the receiver can be located
bined properly (in a statistical sense) for anywhere with respect to the barrier - he
the total noise level. This computer program need not be centered on the barrier, for ex-
provides the ultimate tool for evaluating a ample. The problem can be treated in all
system of noise barriers, once designed. Un- its complexity, as seen in section~     edges
fortunately, the program is very expensive of elevated structures, lips of depressed
and time consuming to use as a ~ tool. sections, reflection from opposite retaining
Even when used during preliminary testlng~----of walls, complete breakdown by lane if de-
a barrier design, the program provides no sired, etc. Proper source heights are used
hint of the "weak links" in the design - it throughout, in agreement with assumptions
does not indicate the relative contribution in the TSC computer program.
of various segments, lanes, vehicles, or re-
flected noise to allow intelligent redesign
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~ ,0¢~L ~,~r~,c ~00o~v~o,~, Provides a more accurate approximation to-
~o~.uc~s~.~ wards the left, where the noise level is

, ~0~,0~.~ " controlled by sound coming around the end.

As is apparent from these two nomograph bar-~ rier s61utions, the ofrequirements straight
roadways and parallel barriers need not be

...~.._~
too stringently interpreted.

SKE’TCH 5.1

The barrier nomograph has been applied to
one of the barriers from Chapter 4, to in-
dicate the errors introduced for non-parallel

~eometries. The map of Sketch 5.1 is repro-
uced from Chapter 4. Sketches 5.2 .and 5.3 SKETCH 5.3

indicate two possible nomograph solutions.

~~
"*ssu~°"°"~ One additional note: As mentioned in Chap-

ter i, barriers of insufficient height can
increase the annoyance potential of traffic

~ -. noise. Such barriers reduce the steady

~°~~

~~ ~,,i~,

" noise of the automobiles without reducing
the peak noise of the trucks. The increase
in noise fluctuation can offset the reduc-
tion in the L.^, p~oducing a worse condition
than without ~e barrier. The Nomograph

~"s~rRo"OFR~S~O~NC~s Barrier Procedure incorporates a check to
i°"~s. CO~UT~R NO,O determine whether or not the barrier system

~
~     ~ o__~_2_~ z~" will have this effect.

SKETCH 5’.2

ASSUMPTIONS CAN HANDLE

The two solutions have different assumed ¯ INFINITE STRAIGHT ¯ FINITE OR INFINITE
ROADWAY BARRIERS

roadways, both infinite and straight. For
each solution, the barrier is positioned pa- ¯ BARRIER PARALLEL ¯ DEPRESSED
rallel to the roadway, where the line-of- TO ROADWAY ELEVATED ROADWAYS
sight from the receiver crosses the actual ¯ BARRIER UNIFORM ¯ REFLECTIONS
barrier. A comparison of the nomograph so- HEIGHT

BREAKDOWN BY LANE                    "
lution with the computer Solution indicates

¯
~VEHICLE TYPE

that even in this rather gross approximation,
the error is not extreme.

¯ NO~SE FLUCTUATIONS

Solution #I duplicates the roadway-barrier
relationship more exactly, and therefore pro- An overview of the barrier homograph is in-
vides a more accurate approximation well be- cluded as Figure 5.7. Just the salient fea-
hind the barrier, where the noise level is tures are included. The dark horizontal line
controlled by sound diffracted over the bar- across the bottom center is the line-of-
rier. Solution #2 duplicates more accurate- sight (L/S) between the noise source and the
ly the roadway, as seen around the left end receiver. The simplest line-of-sight is
of the barrier. This solution, therefore, used - from the receiver perpendicular to
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the roadway. The top of the barrier pene- to the L/S.    This is the break in the L/S,
trates into this line-of-sight, as shown by always perpendicular to the L/S. Finally
the wavy line. The relation between the the barrier Dosition is measured alonq the L/~
source, the receiver, and the top of the to the perpendicular break Doint. This, too,
barrier is drawn in this pictorial way to is a slant distance, not horizontal. It is
aid in the nomograph’s use. The top of the measured to either the source or the receiver,
barrier falls on a curve of constant atten- whichever is closer. Note that the vertical
uation. For example, if the barrier were and horizontal scales on all sectional draw-
moved closer to the left end of the L/S, it in~s must be identical. ~therwise, slant dis-
would not have to penetrate the L/S as much ta~ces cannot be measure4.
for the same attenuation.

The barrier position is read on the small
nomograph at the bottom, under the L/S. The ~                BARRIER PARAMETERS
barrier’s break in the L/S is read similarly
at the left. The attenuation is read to the LENGTH OF L/S # HORIZONTAL DISTANCEright. This attenuation is a function of
the angle that the barrier makes at the re- BREAK IN L/S # BARRIER HEIGHT
ceiver.

All of these quantities will be more clearly
defined below. First, however, it is in- As further illustrations of the geometry in-
structive to talk through the nomograph, volved, the para/neters have also been drawn
The length of the L/S is used three times in for depressed and elevated sections in Figs.
the nomograph, to normalize all distances to 5.9 and 5.10.
the scale of the pictorial sketch. Starting
at the bottom, a line is drawn from the L/S For any type of section, the receiver can be
length, through the barrier position, to the either left or right of the roadway, the L/S
turning line. The position is measured to can slant either up or down. In all cases,
either the source or the receive~, which- the perpendicular break in the L/S is re-
ever is closer. After turning upward, this quired, and the barrier position is measured
line sets t-~position of the barrier rela- to the closer end of the L/S.
rive to the source and the receiver. Then
starting at the left, a line is drawn from The angle is defined in the plan view of
the L/S length through the barrier break-in- Figure 5.11. It is the angle subtended at
L/S to the turning line, and then horizon- the receiver by the barrier. The receiver
tally into the attenuation curves. Where position relative to the barrier is not im-
these two lines meet is the top of the bar- portant. The receiver can be centered on
rier. It will lie on some particular bar- the barrier, off-center, at the end of the
rier attenuation curve. This curve is fol- barrier, or even beyond the end of the bar~
lowed upward to the right, then turned to rier. All cases are shown. Of course, if
the L/S length. From where this crosses the the receiver is at the end of the barrier or
Pivot line, a line is drawn to the right, beyond, the largest angle possible is 90 de-
reflected straight upwards from the proper grees, and not much attenuation can be ex-
angle line, to the barrier attenuation. Pected. All definitions of parameters have

been condensed into Table 5.2 for convenience.
Notice that the nomograph can be used in
other modes, to solve for the barrier posi- Example #i
tion, or the barrier break-in-L/S, or
the angle subtended - if the other At this point, the reader is asked to try a
factors are known. For example, if sample barrier problem with the fully de-

tailed nomograph (Fig. 5 12) before a samplethe attenuation and angle are known, the "
attenuation line is determined. Then the is talked through. It is hoped that the var-
break-in-L/S can be found for any barrier ious scales are self-explanatory. In any
position, or vice versa. As another example, case, the reader will benefit by resolving

his own confusions with the nomograph beforeif we wanted the same attenuation with a
smaller angle, we would end up on a higher a full explanation is given. The example is
attenuation curve. If the barrier position simple: a single lane of automobiles, shown
remained unchanged, then the break would have in S~etch 5.4.
to increase to reach this new curve.

The earth-berm barrier subtends an angle of
At this point, let us define our parameters 170 degrees at the receiver. Answer to sam-
more carefully. Figure 5.8 shows a section ple problem: The barrier provides Ii dBA
view of a roadside barrier. The section is reduction from the automobile traffic to the
perpendicular to the roadway, in the normal fourth floor of the residence shown. Again,
manner. The line-of-sight (L/S) slants down- the reader is urged to attempt each example
ward from the noise source to the receiver, before following the explanatory discussion.
The L/S length is this slant distance, not
the horizontal distance. From the top ~
t.ht, l,~rri~.r, a line is drawn perpcn(l~cuJ~r
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SECTION | the barrier position? Notice that it is hhe
longer of the two distances, so should not
be used. Notice again that the barrier
break in the L/S is the perpegdicular break,
not the vertical break. Notice also that
this break is not the barrier height. The
L/S is. slanting upward towards the £ourth-
floor window; the break in L/S is less than
the barrier height.

Please correct your nomograph if it is in-
~ ~ n- correct. Using the corrected nomograph,

~ W what is the barrier attenuation if the angle
~ L~ ~ subtended is reduced to 160 degrees? Answer:
~ ~ t~ 9~ dBA attenuation. With this smaller angle,

what size barrier must be constructed to re-
O n- gain the original ii dBA reduction? Answer:
W the new barrier must break the L/S by 20-25
Z feet.

SKETCH 5.4 One further comment: note that both the po-
sition and break scales are logarithmic.
This overemphasizes the barrier height and
the distance of the barrier from the near

The completed barrier nomograph is included end of the L/S. For this reason, the sketch
as Sketch 5.5. on the nomograph is pictorial only. No at-

tempt should be made to place the barrier
top on the sketch by inspection only, from
the section view. The small nomographs toDid you use the full L/S distance? Did you

try to use the barrier-receiver distance for    the left and at the bottom must be used.

SKETCH 5.5
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Example #2 Startina from the left, the roadway lip
breaks the L/S by 3 feet (obviously meas-

Let us now work through an example knowing ured on a larqer scale drawinq than the
the barrier attenuation desired - i0 dBA. actual sketch). From 200 feet on the L/S
The section is shown in Sketch 5.6. scale, a line is therefore drawn through 3

feet on the break-in-L/S scale, to the turn-
ing line, and then horizontally to the right.

I SECTION I
Th4n starting over at the bottom, from 200
feet on the L/S scale, a line is drawn up-
ward through the barrier position of 25 feet
to the turning line, and then vertically up-

~ ~    ~
ward until it crosses the first line drawn.zs~_~, T~.     ~-~8
This cross point is the top of the barrier.

~ As can be seen, both its distance from the
source and its break in L/S are exaggerated
by the log scales.

From the top of the barrier, the attenuation
~ ~ w ~ curve is followed up to the right, then
z ~ ~ u turned to pass through 200 feet on the L/S
j = J = scale. Where this crosses the pivot line,

proceed horizontally to the right. Since
SKETCH 5.6 this roadside lip extends the full roadway

distance in both directions, the barrier an-
gle equals 180 degrees. Reflect the line

First, does the lip of the roadway itself from 180 deqrees upwards to the LI0 attenua-
provide enough attenuation? The nomograph tion, 7 dBA. This is not enouqh attenuation.
is worked out (lines numbered "i") in Sketch
5.7.

SKETCH 5.7
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As a second attempt, let us place a berm along the angle lines, the user might be tempted
the top of the ridge that already breaks the to hit an angle line, and then follow the
L/S slightly. How high must the berm be to line upwards to the right towards the bar-
achieve 10 dBA attenuation? The lines num- rier attenuation. If this is done, then
bered "2" on the same nomoGraph(Sketch 5.7) only th~ angle has been taken into account;
trace through the reasoning in this case. all other parameters would be ignored in the
The attenuation and the position are fixed; nomograph use. To avoid both mistakes, the
the break-in-L/S and the angle subtended are user should consult the example at the lower
variable. Starting from an attenuation of i0 right, until he is familiar with the nomo-
dBA, a line is dropped vertically. Then graph.
starting over at the bottom, from 200 feet on

¯ the L/S scale, a line is drawn up through 75
feet on the position scale, and then turned Example #3
vertically into the attenuation curves.
For different subtended angles, different For Example #3, ~two additional complexities
heiaht barriers are required. Two solutions will be added: (i) trucks will be added to
are shown: a ten-foot break, subtendina the automobiles, and (2) a worksheet (Work-
170 dearees and a twenty-foot break subtend- sheet 5.1) for combining multiple lanes and/
inG 155-160 degrees, or vehicle types will be introduced. The

worksheet is included as Sketch 5.8, pro-
It is possible, of course, that for smaller perly completed for the last example’s ridge
angles (for example, 140 degrees) the desired barrier:
attenuation cannot be achieved with any
height barrier. In such situations, the
noise coming around the end of the barrier
exceeds the allowable noise, and even a
tunnel section over that small angle would ~.~ ~__.~
not achieve the desired attenuation.

As a third attempt, let us try to achieve i0
dBA attenuation with a barrier c!ose to the ~o. ~ |~O ~.~
residence. A likely posi%ion is at the
ledge some 50 feet in front of the residence.
The proper lines for such a barrier are num-
bered "3" on the nomograph. The position
and attenuation are both known; the break-
in-L/S and the angle subtended are variable.
One solution is shown. A large angle (160
degrees) was chosen, since the barrier is
close to the residence and the required
length is therefore proportionately less;
the required break is 13 feet for this angle.

The barrier design chosen depends upon the
many non-acoustical constraints at this lo-
cation. Perhaps extending the lip of the
road upward on the side of the receiver is
a desirable alternative. ,How high would the
lip have to be? Answer: It would have to
break the L/S by 5% feet. The roadway lip
on the opposite side of the roadway could
not be raised also, or reflections from it
would compromise the barrier’s performance.
More will be said about this complication
below.

Two possible mistakes should be pointed out
here: Once the top of the barrier is found
on the nomograph, the user might be tempted
to move horizontally towards the right, in-
stead of following the attenuation lines I --
upward to the right. If this is done, then
the~--~rr--{er---~os~--i-~-~-6n would have been ignored ~K£TCH 5.8
in the nomograph’s use. Another mistake
might occur in using the~ angle lines. In-
stead of reflecting vertically upward from
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The no-barrier LI0 has. been arbitrarily by dB-addition at the bottom, they are sub-
filled in; the barrier attenuation is sub- tracted to obtain the net barrier attenuation
tracted, resulting in the with-barrier LI~ of 7% dBA. This is significantly less than
in the right-hand column. The two LI0 col- the attenuation for automobiles alone.
umns are added by dB-addition at the 5ottom
of the worksheet, and then subtracted to ob- Let us backtrack now to find the truck atten-
tain the net barrier attenuation. It is uation. The revised section is shown in
hardly worth using the worksheet for this Sketch 5.10.
simple case.

The worksheet becomes more useful for Ex-
ample #3, in which the lane of traffic in- ~SECTION
cludes both automobiles and trucks. At the
risk of getting ahead, the completed work-
sheet for Example #3 is included as Sketch
5.9.

^ .... "7~.~ I~00 ~.0 ~ w~th distorted scale

ROADWAY

BARRIER

SKETCH 5.10

The barrier desi~ne~ for the previous example
is shown in.place. ~he automobile.L/S is
unchan~e~ from the previous example. ~he
truck L/.q is new. .T.t terminates 8 feet above
the pavement, as discussed in Chapter 2. ~s
can be seen, the brea~ in the truck L/,q is sig-
nificantly less than in the auto L/S (5 feet
compared to I0 feet). How much less depends
upon the slant and the relative 4istances in-

~|.0 ~’~ 7~.~ volved, and cannot he ~eneralize~. The reader
should solve the barrier attenuation from the

I
dimensions in this s~etch, q’be completed nomo-

~.^~,~,. 7.~ ~,^ ~ h0 graph is included as S~etch 5. ii.

SKETCH 5.9 Both the automobile and the truck solutions
are shown. The break-in-L/S is the only sig-
nificant difference between the two.

All the geometry is the same, except that
trucks have been added. Again the truck no-
barrier LI0 was chosen arbitrarily. As can
be seen from the worksheet, the barrier at-
tenuation for trucks is less than for auto-
mobiles. After both LI0 columns are added
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SKETCH 5.1 l ~_.....,"

LN~F. I ~.~k, "~-0         I;;.0      ~;.~

For ~x~ple #4, an elevated highway closely
adjacent to a residence is considered first
in its full complexity and then in a simpli-
fied form. The section is sh~n in Sketch +~"~*~ ~.~ ~-~    ~.~
5.12. Six lanes of traffic times two vehicle
heights requires twelve sol~s of the bar- ~,t,~ ~.~ l&.~ ~.~
rier homograph. Most barrier parameters - ~.~ m~.O
L/S length, barrier break-in-L/S, and barrier
position - are significantly different for

~ ~T&.~ ~.~each lane of traffic. A ten-foot barrier has
been constructed at the edge of the structure ~,~, ~.~ ~&.~ ~.~
as sh~n. The angle s~tended is 180 de- ~7~,~ ~.~
grees for all traffic. The reader should
solve each of the barrier attenuation be-
fore proceeding. The completed worksheet is

~.O ’
included as Sketch 5.1~. ~,~o, 7 17.~     ~.0

If an incorrect entry was obtained, the read- = 1~o . ~.~ _
e~ shoul~ try to ££n~ h£s m£stake before pro-

SKETCH 5.13
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For this example, the no-barrier LI0 was oh- [
tained from the LI0 nomograph with the fol-

~
~,’.

lowing traffic input:

Automobiles: i000 autos/hour in each
lane

Trucks:
Lanes 1 & 6: 50 trucks/hour

60 miles/hour ~I~. __~ .....

Other Lanes: i0 trucks/hour
60 miles/hour .......

The trucks in the near lane are least atten ........ . ........
uated by the barrier. Since they are also
closest to the residence they tend to con-
trol the net noise with the barrier in place.
The traffic at the far side would be atten- ^
uated by the lip of the structure, without
any additional barrier. +~.~, _ ...............

For this reason, the no-barrier LI0 is un-
realistic. A true no-barrier L10 would in-
clude attenuation from the structure’s lip. ,~,,~ __+~
This case is included below as Example #5.

Before proceeding to Example ~5, let us ex-
amine a simpler solution to this same ele ..... ,+
vated barrier. Let us concentrate all of
the traffic into two lanes - one in each di-
rection. The resulting worksheet and nomo- I --
graph are included as Sketches 5.14 and 5.15.

SKETCH 5.14

ATTENUATION

SKETCH 5.15

Precedin[ paEe blank
5-13
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As discussed above, when As is apparent, the near-lane trucks receive
combining several lanes into one for barrier no benefit from the 2-foot barrier, and the
calculations, the equivalent lane is placed resulting overall attenuation is minimal.
at the equivalent distance from the barrier,
rather than from the receiver. For t-~ ex- How much error would be introduced by con-
ample, the equivalent distances are computed centrating the traffic into two lanes for
as follows: this example? The trucks would be located

further from the structure’s lip than in
reality, and the overall attenuation

For Lanes I-3: De = j(45 5 ft)(21 5 ft) be artificially high. The resulting work-¯ " sheet is included as Sketch 5.17.
= 31 ft

For Lanes 4-6: De : J(lOl.5 ft)(77.5 ft)

Ex~ple #5

The s~e elevated roadway with only a two- ~uto. ~,~ ~.~
foot high lip barrier is discussed for Ex- ~,~

Again the nomograph is left to the reader. ~, ~
The resulting worksheet is included as ~to~ ~,~ ~,~
Sketch 5.16.

.~ =~,~

"73. %                   " &~.%

...... ~.~ II. O ~.~.

..... ~.o m.o Gt .0
~.~ ~.~

SKETCH

L~e &
~,,,~,, 72.0 I0.0 ,~.~ As c~ be seen, even in this ra~er severe

:~,~ m~,~ case, co~ining l~es into one equivalent
lane does not result in a significant error
in the calculated barrier attenuation. In
general, the barrier no.graph is of great

~ value in testing the geometry of the situa-.,r- .~p.~r, ~Tr.,’~:~’,:~ ~ ’~r ’~I
tion, to dete~ine whether or not lanes can
be co~ined in this manner - to simplify the

SKETCH 5.16 .... TSC computer input whenever possible.
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What would be the error if an unrealistic
truck proportion were assigned the various
lanes - for example, if equal truck volumes
were assumed for all six lanes? Would this
be important for a roadway on grade?

Example #6
¯

In Example #6, the concept of noise reflec-
tion is introduced. The roadway is depressed
with reflecting retaining walls on both sides
as shown in Sketch 5.18. ~ ~u,o.     ~7.~

w~7,~

The traffic has been condensed into only two
lanes to simplify the discussion, although it
should not be condensed before testing with %AM~ A+~°" ~4.O ~.~ 7~.~
the nomograph. The reflection from the re-
taining wall is incorporated by adding the
mirror images of the traffic in the wall as
shown in the figure. Again, the barrier is
assumed to subtend an angle of 180 degrees
at the receiver. The full line-of-sight ~’~
(L/S) distance is used in the nomograph -
the distance from traffic to reflecting wall
to receiver. The corresponding worksheet is
included as Sketch 5.19.

Notice that the reflected noise dominates
the LI0. Without reflection, the noise le-
vel at the receiver would be 82.0 dBA, a
significant underestimate of the impact. ~’~"    ~,O ~ ~.~
In some cases, especially for very high re-
ceivers, the reflected path may miss the op-
posite retaining wall - over its top. In
this case, the reflected path does not exist 5KETCH 5.]9and should not be used.

If the reflecting wall was made acoustically be reduced in level. For example, if theabsorptive, then the reflected noise would absorption coefficient (of A-weighted traf-
fic noise) were 0.6, then the reflected noise
would be reduced by 4 dBA. This reduction is
discussed in detail below.

~ It is also possible that noise due to multi-
ple reflections is significant. For example,
if the reflected noise in the example had
been attenuated by the barrier (higher bar-~ ~ ~ tier), then perhaps some multiply reflected

% ~ ¯ noise - reflected first from the right, then
~ ~ ~ ~ ~ from the left, then over the barrier - would
~< ~< < < < ~ not be attenuated by the barrier and might
~ ~ ~ ~ m ~ control the noise at the receiver. This pos-

sibility is discussed below also.
SKETCH 5.18

.L!S .length Barrier position " Break in L/S
Reflected Lane 2, trucks 120 ft ....

autos 122 ft
Reflected Lane I, trucks 93 ft

autos 95 ft 16 ft 1 ft
Lane i, trucks 61 ft 16 ft 1 ft

autos 64 ft 15 ft ] ft
Lane 2, trucks 34 ft 14 ft 5 ft

autos 38 ft 13 ft 8 ft
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Some general con~nents can be made concerning     5.1.5 Points to Remember in Using the
the attenuation of depressed and elevated                Barrier N0m0graph and W0rksheet
roadways. As Figure 5.13 indicates, the at-
tenuation of depressed roadways increases for
more remote receivers, since the’li’ne-of-                The simplest line-of-sight (L/S) is al-
sight is broken more and more as the receiv-     ways used - from the receiver perpendicula’r
er distance is increased. In an opposite         to the roadway.
manner, the break in the line-of-sight de-
creases for more remote receivers adjace--~t              At the roadway, this L/S terminates el-
to ~ated roadways. For this reason, ele-     ther at the pavement for automob±les, or 8
vated roadways are not effective in reduc-        feet above the pavement for trucks.
ing the noise at larger distances. In addi-
tion, when the roadway is elevated ~bove the            The barrier position is measured to el-
terrain, the natural barriers afforded by         ther the roadway or the receiver, whichever
scattered buildings, rolling terrain, etc.,       is closer.

_           are usually lost. The L/S generally slants from roadway
to receiver. The L/S length is this slant
distance, not the horizontal distance.

Exa/nple #7
The amount the barrier brea~s the L/S

The final example will reconsider Example #I,     is always measured perpendicular to the L/S,
this time with a gap in the barrier - perhaps    not vertically.
necessitated by an underpass. The plan
shown in Sketch 5.20.                                          The barrier position is also a slant

distance, along t!%e L/S.

¯ ~with dist0r~ed s¢0~e                                     The vertical and horizontal scales on
all sectional drawings must be identical.

ROADWAY The sketch on the nomograph is pictorial
only. No attempt should be made to placeBARRIER ~ ¯ 20"~// /               the barrier onto the sketch by inspection

only.

When concentrating traffic into a re-
duced number of lanes, place these lanes at

SKETCH 5 20 the equivalent distance from the barrier.

For depressed roadways, use the full
In such a situation, the problem is ap-           L/S distance for the reflected noise.
proached in two steps. First, the net noise
coming over the barrier is computed, ignor-            For depressed roadways, or roadways
ing the gap in the barrier. Second, the          flanked by barriers on both sides, in some
noise from the small piece of exposed high-      cases multiple reflections within the con-
way is computed, and added to the noise com-     fined roadway .space are important.
ing over the barrier.

5.1.6 Three Additional Complications
This second noise contribution can be calcu-
lated using either NCHP~ Report 117 or using     a) Receiver Beyond the End of the Barrier
the LI0 nomograph. In either case, the an-
gle of the exposed roadway is only 20 degrees ~nen the receiver is just at the end of the
as shown in the sketch. 10 log 20°/180° is      barrier (receiver #i, Figure 5.11), the lar-
used to adjust the infinite road level, as       gest angle the barrier can s~btend is 90 de-
discussed in Qhapter 4, to account for the       grees. A full one-half of the roadway is
finite length of the roadway segment, i0        unshielded by the barrier. In such a situa-
log 20o/180° = -9 dBA.                                 tion, the maximLu~ attenuation achievable is

3 dBA, as c~_n be verified on the nomograph.
For our example here, the no-barrier LI0 is      For receivers ~ the end of a barrier
70 dBA. The 20° exposure reduces this to         (s~une figure, receaver #4), the attenuation
61 dBA. Separately, the with-barrier LI0 is    is even less. The nomograph is inaccurate
59 dBA. Adding 61 dBA. and 59 dBA by dB-          for these receivers; it is reco~ended that
addition, we obtain 63 dBA, a compromise of      no attenuation be attributed to the barrier
4 dBA on the barrier’s performance,                for receivers beyond the ends of uarriers.
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b) Barriers in Series                               of 3-times-D or 4-times-D down the roadway,
where D equals the distance from roadway to

Sometimes two or more barriers break the          receiver.    This 145- to l$0-deqree seqment
line-of-sight between the receiver and the       directly in front of the receiver controls the
roadway. This was the case in Example #2         noise; the remainder contributes less than
above. When this occurs, both barriers at-      1 dBA to the total.
tenuate the noise and should properly be
considered "in series"    This additional         However, if a barrier shlel~s the receiver
complication is not worth the slight im-          f~om this central segment, then the highway
provement in accuracy. Even in the TSC com-     far down the road becomes important; it is
puter program, only the individual attenua-      no lon~er i0 dBA down from the nearby segment,
tion from the most effective barrier is con-     because the nearby segment’s noise has been
sidered. The others are ignored. The error     reduced by the barrier. It is important to
is generally very slight,                            realize this, and to include enouqh of the

@xposed roadway in the computer inDut.
c) Barrier Attenuation for Receivers Just
Outsi4~ the Shadow Zone                                b) Imp;eq~se ~arrier elevation/ relative

to roadway
In reality, receivers just outside the bar-      ~laure 5.17 illustrates a common mistake made
rier shadow zone (Figure 5.~[~d-6-receive        in preparina the computer input. ~he actual
some benefit from the barrier. -~t is the        situation consists of a roadside harrier that
noise that was headed their way that passed      follows the roadway qrades, always remain-
very close above the barrier and that was         Inq a constant height above the roadway.
diffracted downward into the shadow. Just        The proper input is shown at the toD o~ the
on the grazing line-of-sight for example,         figure, where the harrier follows the road
the attenuation is 5 dBA. It drops off           precisely. At the bottom, the barrier input
quickly then above the grazing line-of-sight,    has been simplifle~, and although the simpli-
For these cases where the barrier almost -        fication does no~ look extreme, the inaccur-
but not quite - breaks the L/S, no attenua-      acies introduced can be ~reat. The height of
tion is given by the homograph. The computer    the barrier, relative to the roadway, is a
program, however, does incorporate this at-      very sensitive Darameter in barrier Der£or-
tenuation. mance. The simplification shown at the bottom

should not be used.These three complexities are summarized in
Figure 5.15.

c) Imprecise barrier position~ relative
to roadwayIn highly urbanized areas, the barrier no-

mograph may overestimate the barrier at-           Small-scale maps are o~ten used to ~etermine
tenuation, say from a buZlding shielding           the coordinates for the computer input.
a courtyard area. In such situations, il-        Relative positions - say between the roadway
lustrated in Figur~ 5.16, other large sur-        and the receivers - are sufficiently accurate
faces tend to reflect noise energy into the       on such maps to allow an accurate computa-
shadow zone behind the building. Such re-        tion of the noise level. However, barrier-
flected noise fills in the shadow zone with       roadwav~distances are sometimes very small,
noise, and thereby reduces the amount of           and in such cases, larwer-scale maps must be
shielding provided. It is good practice to      used. The distance between barriers an4
assume a maximum of i0 dBA shielding in            roadways is a very sensitive parameter. It
Such urban areas,                                         should not be obtained by subtractin~ two

very large distances obtained from a small-
scale map.5.1.l Pitfalls in Barrier Input - TSC

Computer Program                                 d) Noise cannot pass under elevate~ barriers
The mechanics of usin~ the TransDortation
Systems Center computer program, inclu~in~        Figure 5.18 indicates an in£1exibilitv in the
the barrier input routines, were discussed        TSC computer program that should be understood.
in Chapter 4. In this section, several com-      In the figure, a barrier has been explicitly
mon pitfalls concernins this barrier input         input alon~ the lip of the elevate~ ramp, to
will be discussed,                                        shield the receiver from the ramp noise.

Unfortunately, this barrier will also shield
a) Insufficient exposed roadway                    the receiver from the main line noise. All

barriers extend downwards to the ~round; no
For receivers with no barrier blockin~ their      noise can pass under any barrier in the
lines-of-sight, the traffic far down the road-    program. Such situations usually re~ulre two

computer runs - one with an~ one without theway is insignificant compared to the very
nearby traffic. For this reason, it is qen-      barrier on the ramp.
erally sufficient to consider only a distance
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Parenthetically, the computer does not auto- turned up and down as the vehicle cruises and
matically assiqn such a barrier to elevated then stops for traffic~signals. While cruis-
roadways. First, there is no input that tells ing, the interior noise of the automobile
the computer when a roadway is elevated. ~ masks the radio, and it must be turned up.
Second, the flexibility has been retained to It is then uncomfortably loud when the vehi-
input such barriers explicitly - at the proper cle is stopped at a signal, and must be
position and proper elevation, turned down. In noisy environments people

stand closer together during conversation to
e) Too much barrier inp.ut be understood. When the noise fluctuates, no

equilibrium distance can be established, in-
Tt is very easy to input too much information creasing annoyance. ~
on barriers. It is recommended that the bar-
rier nomo~raDb be used to determine if a bar- Most important, falling asleep is more dir-
tier effects the noise at the receivers in ficult in fluctuating noise than in steady
~uestion - as an aid in eliminating sunerflu- n6ise. Just as a person is dozing, a truck
ous input. It is also a mood idea to run the passes and wakes him. It is common practice
program in staqes, with small blocks of re- for people living close to freeways to in-
ceivers and their associated barriers. In stall some steady noise source in their bed-
this way, the computer does not waste time room to cover up the fluctuations - sources
testin~ superfluous barriers for larqe numbers such as the commercial sleep machines or
of receivers, window air conditioners. These devices in-

crease the total noise, including the LI0,
f) Very low barriers but decrease the ~luctuations.

The computer assigns too much attenuation to    How important are these fluctuations? If
very low barriers. As mentioned above, 5 dBA the LI0 drops by 5 dBA, how much can the
reduction is calculated for receivers just on fluctuations be allowed to increase withouh
the qrazinq line-of-siqht. The missin~ energy negating the benefit?
has diffracted into the shadow zone. However,
as indicated on Figure 5.19, very l~w barriers 5.~.i N0~se P0]~ut~0n Level
have no shadow zone.    Even in the limit of
zero height - as shown at the bottom of the      No completely acceptable method has been
fiqure - the program assigns 5 dBA attenuatior agreed upon for dealing with noise fluctua-
if the barrier is entered as input,                 tions. To date, the most promising format

in the literature that takes fluctuations
into account in a fully developed form is

[P~TFALLS~NBARRIERINPUT-TSCCOMPUTER J the Noise Pollution Level, LNp. The LNp
was derived to account for general ovserva-
tions common to a number of studies of dis-¯ INSUFFICIENT EXPOSED ROADWAY
tinctly different character.

¯ IMPRECISE BARRIER ELEVATION
RELATIVE TO ROADWAY

It is precisely the fact that the LNp explains
¯

RELATIvEtMPRECISE ToBARRIERRoADWAyPOSITION convincingly the results of several unrela-
ted studies for which no other explanation

¯ NOISE ~ANNOT PASB UNDER ELEVATED BARRIERS can be offered, coupled with the amply-demon-¯ Too ~UCH BARRIERINPUT strated reliability of the A-weighted sound
¯ VERY LOW BARRIERS level, that constitutes the stoutest argu-

ment favoring the LNp over competitive rat-
ings.

5.2 COMPLICATION IN BARRIER DESIGN CAUSED
BY NOISE FLUCTUATION Most encouragingly, the Noise Pollution Leve!

can relate steady freeway annoyance to very
As mentioned in Chapter i, roadside barriers intermittent aircraft annoyance, under the
may cause an increase in the fluctuation of same formulation. The same definition of LNP
traffic noise, and thereby a possible in- and the same criterion of acceptability apply
crease in annoyance to the road’s neighbors, to these disparate noise sources - one quite
This is most likely to occur when the barrier steady, the other very intermittent.
is effective in reducing the automobile noise,
but does nothing to the more intermittent The same comparison is necessary in a full
truck noise, consideration of traffic noise annoyance. It

is common for traffic noise to be much more
The increase in annoyancecaused by noise intermittent during the early morning and
fluctuation is a common experience. People late evening than during peak hours, especial-
living near airports are annoyed during fly- ly along intercity freeways. In fact, late
overs that cause them to miss parts of their at night, the noise intermittency is quite
TV programs. It is annoying to have to turn similar to some typical aircraft flyover his-
the volume up just for the flyover, and then tories. A proper measure that incorporates
to turn it back down again when the aircraft
is past. O[ten automobile radios must be
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fluctuations is needed to compare peak-hour The procedt~re is outlined in Figure 5.21.
noise with late evening noise. More than half the work has been already

completed during the LI0 barrier design.
One example is included to indicate the full The new steps are included in heavy outlines.
concern. Recent measurements were made a-
long a freeway in New York State. Figure No-barrier calculations:
5.20 shows 5-minute time histories 250 feet
from the freeway. The top history, measured First, the LI0 for both automobiles and
at midnight, shows large fluctuations. The trucks is transcribed from earlier calcu-
fluctuations during rush hour are much less lations. Ll0’S are converted to LNp’s using
severe, since the traffic is continuous ra- an additional homograph, discussed below,
ther than intermittent. Note that the LI0 and then added together for the total LNp.
is nearly identical for both of these his-
tories, however. With-barrier calculations:

How do these two histories compare by the LI0 First, the LNp for both automobiles and
measure and by the LNp measure? From rush trucks is transferred from above. Then
hour to midnight, the LI0 went down 4 dBA these are reduced by the barrier LNp atten-
and the LNp went up 18 dBA. In o~er words, uation, obtained from the basic barrier no-
taking fluctuation into account, midnight mograph. 9inally, the two LNp’s are added
noise is much more disrupting than rush hour together for the total LNp.
noise; and LI0 doesn’t indicate this at all.

A comparison - with and without the barrier -
Of course, automobiles cannot be enticed to indicates whether the barrier design is suf-
travel at midniqht to reduce the annoyance, ficient. The new steps can be summarized as
But on the other hand, we can avoid construc- follows:
ring barriers that turn our highways into
midnight conditions throughout the day - that 1. Conversion of LI0 to LNp: very simple
attenuate the automobiles without attacking nomograph.
the real source of the problem, the trucks.
The procedure described below is intended to 2. LNp barrier attenuation: essentially com-
prevent such barrier design~, plete already.

How is LNp incorporated? Do we have to work 3. Addition of LNp’s: complex.
from the basic definition:

a) Conversion of LI0 to LNp

L~" L,~+256~ Conversion from LI0 to LNp is accomplished
., . ¯ r._ _T~rl ’ L~,I. T , with the nomograph of Figure 5.22. This

L.,, IOIo~[~]lO~’~dt|÷2.56|~llL(,|~~[Lf,)d,)’dl|" conversion is similar to the conversion in
NCHRP Report 117 from L50 to LI0 - it depends
only upon the dimensionless parameter VD/S.

No, fortunately. The Transportation System A"single example will suffice to illustrate
Center program has incorporated this equation the nomograph. ~
into its mathematics. The computer program
predicts the LNp for any system of roadways Parameters: Volume = 1000 yehicles/hour
and barriers, no matter how complex. For (either autos or trucks)
this reason, it offers the ultimate test for Speed = 60 miles/hour
whether fluctuations are increased or de- L/S length = 50 feet
creased. The results from the computer pro-
gram have been condensed into the procedure
below, which can be used as a design tool to The completed no, graph is included as
check the barrier design. If’the barrier Sketch 5.21.
system increases the Noise Pollution Level
LNp, then it is highly recommended that the
barrier not be built. Starting at Volume = i000, a line is drawn

to 60 on the speed scale. Where this line
5.2.2 Graphical Procedure to Compare crosses the pivot line, a line is drawn to

LNp with and without Barrier
L/S = 50 feet. The result is then

’ LNp - LI0 = 7% dBA.

The procedure described below predicts the Then’LNp = LI0 ÷ 7% dBA.

Noise Pollution Level both with and without ’ ~’
the barrier as designed. A comparison then
of these two LNp’s indicates whether or not
the barrier will increase or decrease the
traffic annoyance.
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Please recall that this example concerned a
vo~u.~=.L ~ U.~-O~.S~.TL="=T"~SP~D

single lane of traffic containing both auto-

the barrier reduced the LNP slightly more

~ "I -" than it did the LI0: 12.5 dBA compared to I0
~0~ dBA for automobiles and 8 5 dBA compared to

~. ,.~ ~ 7 dBA for trucks.

’~ ~’~ For this example, the receiver was centered
~ /~ "~ along the barrier. When this is not the case,

’~ a different angle must be used for LNp atten-
~/~~ .~ uation. This is illustrated in Figure 5.2~.

For receivers that are not centered, only a
’~ ~ part of the full angle is used in the barrier
~’~ ~ homograph- just the centered piece, as~ ’~ shown in parts (b) and (c) of the figure.
~ ~ As is apparent, when the receiver is opposite

the end of the barrier, the barrier angle be-
’~ ~ ~. ,~ comes zero, and no LNp attenuation is ob-
~’~ ~ ’~ ""~ tained.    Also, for receivers beyond the end

of the barrier, as in part (d) of the figure,
SKETCH 5.2] the barrier does not attenuate the LNp.

Therefore, when the receiver is off-center,
the nomograph line will have to be reflected

b) Barrier Attenuation of LNp upward from a different angle to the LNp
scale. In genera!, for off-center receivers,

The barrier nomograph for Example #3 above the barrier has less effect upon the LNp
is repeated as Sketch 5.22. than upon the LI0.
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c) LNp Addition Example
Addition of individual LNp’S to obtain the A single lane of traffic carries both auto-overall LNp is complex. Indeed, adding 70 mobiles and trucks.dBA for automobiles with 75 dBA for trucks
may yield 65 dBA for the total. This is
hardly normal dB-addition. Yet the addition
of automobiles to the truck noise can reduce!

A review of normal dB-addition is in order. Autos I 68.0 ~    4.0     72.0
Table 5.3 is reproduced from Chapter i. It
has been expanded to explicitly include all First the proper table page must be chosen.
half-integer values in the left column. To Trucks have the higher LNp, which satisfies
add two Ll0’s by dB-addition, first find LNp - L10 = 12. This determines the page.
their difference in the left column. Then Second, autos have the lower LNp, which
add the tabulated value in the right column satisfies LNp - LI0 = 4. This determines
to the larger LI0. The reader should be the column. Once these are determined,
very familiar with this process, then the addition proceeds as with normal

dB-addition. The LN~ difference (10 dBA) isA similar procedure is followed for adding found at the ~eft, a~d the corresponding
two LNp’s, using Table 5.4 instead. First table entry (-6 dBA) is added to the higher
their difference is found in the left col-
umn, and then the tabulated value is added LNP"
to the larger LNp. sketch 5.23 shows the Therefore, the net LNp is 82-6 = 76 dBA.similarity with the LI0 table. The com-
plexity comes in (i) choosing the proper
page of the table and (2) choosing the pro-
per column of tabulated values. Example #9

A single lane of traffic carries both auto-

I L.,-,DD,,,ON .I
mobiles and trucks.

w.EN u,,’, T~EN ADO T,!S A,OU,T Trucks 1}70.5 ! 10.5 81.0

. ~., ~ . ..... ... .... Autos 1.0 2.5 i 63.5
¯ ¯ , ¯ ¯ ¯ First, the proper table page is chosen.

Trucks have the higher LNp, which satisfies
LNp-L~0 = i0, rounding off to the nearest
even integer. This determines the page.
Second, autos have the lower LNp, which sa-
tisfies LNp-LI0 = 2, again founding off to
the nearest even integer. This determines
the column. For this page and this column,
the LNp difference (18 dBA) is found at the
left, and the corresponding table entry is
-4 dBA. Then the sum equals 81-4 = 77 dBA.

When will LNp-addition increase the total?
Examination of Table 5.~"’revea~s that the
table entries are positive in the upper left-
hand corners of each page. The highest en-
try is +2 dBA, on the first page. This entry
is used when adding two identical noises

~ I with low fluctuations: the LNp difference
¯ ¯ ~ 0 is zero, and both noises satisfy LNp-LI0=2

dBA. If we had entries for LNP-LI0 - 0 dBA,
IWhle~ COlUm.~] then the table entry would be +3 dBA, as with

normal dB-~ddition. In general, these posi-
IWh~ P~J tire table entries occur for low-fluctuation

noises with nearly identical LNp’s.
SKETCH 5.23
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Example #i0                                                therefore 78.5 - 0 = 78.5 dBA. The finaltally is
Next, another lane of traffic is added to
Example #9. The first lane is identical.                   I LI0     LNp-LI0 ~ LNp

LNp-LI0    LNp                               74.5      4.0        78.5

Lane i: Trucksl 70.5 10.5    I 81 0               The last la~e of autos neither increased the
¯                 LI0 nor decreased the LNp.

Autos 2~5 Problem: The reader is asked to work the[71.~ 6.0       __ i             following problem for himself.
Lane 2: Trucks 72.0    7.5       79.5

Autos 60.5    3.0      63.5 "’                                    LNp-LI0 ; LNp

Trucks    70.5    14.5    i 85.0

The results of the first addition have been                                      . J~
circled. The LNp result came from the                  Trucks    70.5    14.5      85.0
above example; the LI0 sum was accomplished                                         .
by normal dB-addition; the LNp-LI0 result is
the difference between these two.                        ~

Trucks    75.0    10.5      85.5
This intermediate sum is needed as a start-                     -
ing point for the next addition, when the
second lane of trucks is added. For this               Autos     73.0      2.0       75.0
next LNp addition, first the proper table
page is chosen. The second lane of trucks
has the higher LNp, which satisfies LNp -               Sum                   3.5       82.5
L~0 = 8, after rounding off. This deter-
mznes the proper page. The intermediate sum
has the lower LNp, which satisfies LNp-LI0=6.    d) Worksheet for LNp Addition and
This determines the column. For this page              -~
and this column, the LNp difference (2 dBA)       Barrzer Attenuation
is found at the left and the table entry is
read as -i dBA. The sum is therefore 79.5 -     Exactly the same procedure is used to add
1.0 = 78.5 dBA. The intermediate sum, in         LNp’s, whether there is a barrier along the
total, is                                                  roadside or not. The examples above did not

include roadside barriers. If a barrier had
existed, then the with-barrier LI0 and the
with-barrier LNp would be carried along inLI0     LNp-LI0      NP                      the addition process in an identical manner.

~ 74.5      4.0      ) 78.5 ~                   ~wo additions, one with and one without the
barrier, must be carried out to evaluate
the effectiveness of the barrier - to deter-
mine if the barrier decreases the LNp. AAs before, the LI0 sum was obtained by nor-      worksheet for carryl~ o---~-~ ~-~th of these ad-

mal dB-addition, and then the LNp-LI0 was
obtained by subtraction of the outer two          ditions together is included as Worksheet
columns.                                                    5.2. The no-barrier addition is carried out

down the left side, the with-barrier addition
Now we proceed to add in the second lane of      down the right side. Note that the LNp
autos. First, the proper table page is cho-     barrier attenuation separates the two sum-
sen. The intermediate sum has the higher        mations. Also note that the three right-
LNp, which satisfies LNP-LI0 = 4. This de-      most colu/~ns are duplications of the LI0 -             "
termines the page. The autos have the !ower     addition worksheet. Whenever this new work-
LNp, which satisfies LNp-LI0 = 4, rounding       sheet is used therefore, the LI0 barrier
u_~ to the nearest even integer. This deter-     worksheet can be elinrinated.
mrnes the proper column. For this page and
this column, the LNp difference (16 dBA,           Example #11
rounded up) is found at the left, and the
table entry is read as 0 dBA. The sum is         To illustrate the use of this worksheet, the

barrier of ExanK~le #3 above will be tested
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to see if it reduces the LNp. The sketch
and worksheet for this example are repeated NnZS~ sn~mc~.
as Sketches 5.24 ~d 5.25. ~i0 ~.-.. ~.~

~ wi~ dist~t~ s~le

ROADWAY ~rucks
~RRtER ~                          170~

SKETCH 5,24

~ucks

Autos
In this worksheet, the traffic volumes
have been changed from those used in
Example #3. The barrier attenuation, ~o~. 7~.~ ~n~A~, ~.~
separately for trucks and automobiles,
remains unchanged of course.

The barrier shields the receiver from a sin- .
gle lane of traffic that carries both auto-
mobiles and trucks. We shall proceed from 5KETCH 5.25
the beginning of the problem. The traffic
parameters are as follows: 1000 autos/hour;
I00 trucks/hour; 60 miles/hour.

0       O
¯ First, the L10 homograph is used to ob-

tain the no-barrier L10’s, as shown in
Sketch 5 26                                                                          ~o

20 ~r
¯ Second, the barrier nomograph is used~o     ~~~,~ I~I ~°    ,0’°~ ~,o~,000

to obtain the barrier attenuation for L10, PIVOT ~0 ~o . .~ooo
as shown in Sketch 5.27. The barrier at- ,oPOINT                                                ~o~

tenuation for LNp is also obtained in the
process, a, ~oo

~o°v~.,CL~SF~ED ANO

rain the LNp-L10, as shown in Sketch 5.28.

Next the worksheet is filled in, as o
shown in Sketch 5.29.

SKETCH 5.26        ~,o

VO~.UME
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¯ Finally, we add down the columns for Finally, we add down the columns for the
both the no-barrier a~d the with-barrier no-barrier and the with-barrier cases. The
cases. The Lln’S are added by regular dB- results are shown at the bottom. As can be
addition using-Table 5.3. The LNp’s are seen, the barrier did reduce the Ll0. How-
added by LNp-addition using Table 5.4. The ever, the barrier increased the LNp, result-
resulting L~0’s and LNp’S are sho~.n at the ing in no noise ~mprovement.
bottom. As can be seen, the barraer reduced
the LNp approximately the same as the Ll0. The following problems are left to the

re~der:

Example #12 ¯ It is desired to shield a ground-floor
receiver from a highway i00 feet from his

Let us now reduce the height of this barrier window (L/S distance). The traffic includes:"
so that it breaks the line-of-sight to the 16 trucks/hour and 1200 automobiles/hour,
autos by only 5 feet, and does not break the both at 40 miles/hour. Computed total L10
line-of-sight to the trucks. For this situ- is 71.0 dBA. As a first design, a barrier
ation, the barrier will reduce the automo- is constructed 25 feet from the traffic, and
bile noise without reducing the truck noise. 7 feet high, subtending 180 degrees at the
The resulting increase in fluctuation may receiver. The terrain is flat. How much
very well increase the LNp. will this barrier reduce the Ll0? Answer:

1.5 dBA, to 69.5 dBA, below t~e FHWA stan-
The basic Ll0 nomograph is unchanged, dard. What will this barrier do to the LNp?

Answer: I~crease it 5 dBA. A higher barrier
The new barrier nomograph shows a re- must be built to avoid deterioration of the

duction in the automobile noise by 7 for noise environment.
L10 and by 8.5 for LNp. The nomograph is
left to the reader. ¯ The barrier height above the ground is

increased to 10 feet. Now how much is the
The LNp homograph is also unchanged. Ll0 reduced? Answer: 8 dBA, to 63 dBA.

What will this barrier do to the LNp?
The filled out worksheet is included        Answer: Reduce it 5.5 dBA.

as Sketch 5.30.
¯ Another receiver’s window is the same

distance behind the 10-foot barrier of pro-
~.,,~ ,~.~. ~,^,,,r, l,.~.~-,~! ~.,~.~^,,,~,.~,,^,, .......,~ blem 2, except that he is at the end of the,,~ ,,,-h. ,~ ~. ,.~, ’~,~h0 h, ~,. ~ barrier, rather than centered.    Th-~efore,

¯,~,, ~ ~ ~ O ~mll~.~ ~ ~
~.~ the barrier subtends an angle of 90 degrees.

All other distances are the same. How much
~,~ ~.~ ~.~ ~.~ ~.$i~.~ ~ ~ ~7.~ does the barrier reduce this second recei-

¯ ~|.~ ~ ~I ~.~ ver’s Ll0? Answer: ~ dBA, to 68 dBA.
~,~. What does the barrier do to his LNp?

Answer: it does not change it. Although
the barrier reduces the Ll0 below the FHWA
standard, it does not reduce the LNp, and
would therefore be difficult to justify for
this receiver alone.

...... 5.3 BARRIER CONSTRUCTION - ACOUSTICAL
CONSTRAINTS

The primary requirements of acoustical bar-
tiers have already been discussed - the po-
sition, length, and required bream in the
line-of-sight, L/S. The remaining constraint
- the required resistance to sound transmis-
sion - will be discussed in this section.
As Figure 5.1 indicated above, the noise

~ .... transmitted through the barrier can short-
~ ’I’K~I     ~ ~!~o,~ ’T~ circuit the barrier attenuation, resulting

in less attenuation than calculated from the
I ....~, ..... ~,,~. ~ ~,~,o,h,I barrier nomograph. To prevent this, restric-

-- I
Lions are needed to the minimum allowable~ ~’~’°’ ~. surface weight of the barrier and the maxi-

, mum allowable open area through the barrier
SKETCH 5 30 (slots, louvers, undercut openings, etc.).
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reduce the diffracted noise 10 dBA then it

LBARRIERS-ACOUSTICAL CONSTRAINTS J must have a minimum surface weight of 3.5
Ib/ft2. It can be heavier than this, of
cours e.

¯ BREAK ~N L/S
Two important points to remeraber in using

¯ POSITION the table:
¯ ANGLE SUBTENDED

The surface weight does not include the¯ SURFACE WEIGHT weight of bracing, framing, etc--? It includes
¯ HOLES only the weight of the skin material. In

some cases such framing can be included in
the weight calculation (for orthotropic,

5 3.1 Surface Weight
stiff panels, for example), but it is beyond

¯ the scope of this simplified table to in-

The technical term for the "resistance to clude such cases. Do not use the weight of

transmission" is the Transmission Loss, TL. framing merabers.
This is the ratio of incident noise energy

The transmitted noise must be comparedto transmitted noise energy.
to the noise diffracting over the top of the
barrier. The left column in the table is
the attenuation of this diffracted noise.

I I This is obtained from the barrier homograph,
TRANSMISSION LOSS| assuming the barrier subtends 180 degrees.

This is the attenuation over the top. (For
smaller angles, the homograph gives the net

[ INCIDENTN(~SE ] attenuation - over the top plus around the
TL ¯ 10 log ends.)[ TRANSMITTED NOISE

It is a common design error to design very
high barriers that subtend only a small
gle. A small piece of the noise, from di-

The larger the TL, the less energy gets            rectly in front of the receiver, is thereby
through. The TL of any wall depends in a         reduced greatly, while the great bulk of the
complicated way upon the wall’s weight, stiff- noise is not blocked by the barrier at all.
hess, loss factor, the angle of incidence of As can be seen from the homograph, for ex-
the approaching noise, and lastly the fre- ample, a 50-degree barrier lets so much
quency of the noise. It is beyond the scope noise around its ends that it cannot pro-
of this text to describe the complex inter- vide more than 1.5 dBA reduction in the LI0,
play between these parameters. Instead, no matter how much it breaks the line-of-
we shall present some conservative guide- sight. If this is not noticed, the barrier
lines here to avoid underdesigning barriers, will be built much higher than is of any

use. For such cases., Table 5.5 will also
The surface weight density of the barrier is cause an overdesiun in the barrier weight.
the most important parameter affecting the Both design errors go hand in hand and
Transmission Loss. Heavier barriers allow should be avoided.
less noise to pass through. How heavy must
a roadside barrier be? This depends upon In some cases, this surface weight table is
the attenuation expected from the barrier - very conservative. Technically, it assumes
in other words, upon the expected reduction a critica! frequency in the worst range
in the noise diffracted over the top of the (500 to 1000 Hz), and assumes no extra be-
barrier. For example, if a barrier is de- nefit from a high sub-panel first resonance
signed to attenuate the diffracted noise or from a double wall construction. For
only 5 to l0 dBA, then quite a large aalount this reason, it may be desired to measure
of noise can be allowed to pass through the the Transmission Loss of a propose~ test
barrier without compromising the attenuation, panel. The facilities of an approved raver-
If however, the barrier is expected to pro- berant-room test laboratory must be used.
vide 20 dBA attenuation over the top, then The technicians will measure the TL in third-
it must be much heavier, to reduce the trans- octave bands, and will be able to compute the
mitted energy a comparable amount. Our sim- net TL for A-weighted automotive noise, us-
plified rule guarantees that the transmitted ing the spectra in Chapter 2. What must be
noise be some 3-6 dBA lower than the noise determined? The A-weighted TL, for traffic
over the top. Therefore, the transmitted spectra, must be at least 4-6 dBA greater
noise will increase the total by 1 dBA, at than the barrier attenuation of the diffrac-
most. ted noise over the top of the barrier. As-

sistance is reconunended here.
The weight requirement is shown in Table 5.5.
For example, if the barrier is designed to
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5.3.2 Holes in Barriers                                Holes in barriers provide two further compl[-
cations.

How much do holes compromise the Transmission
¯ Loss of barriers? More than would be expec-           The 6 dBA amplification discussed above
ted, by far. For example, let us assume we      is due to an averaging over the entire fre-
have 80 dBA at the source side of a barrier      quency range.. Throughout most of the range,
and that the TL of the barrier is 30 dBA.         the noise is attenuated. But at the reso-
Without holes, the noise on the opposite side nance frequencies of the holes, it is am-
would be 50 dBA. Now let us open up one-        pli~ied, sometimes by 15-20 dBA. The re-
tenth of the area of the barrier. The bar-      sulting noise through the hole is not only
rier surface is now 10% open. What is the       amplified an average of 6 dBA, but its cha-
net TL of the barrier-plus-hole?                    racter can be changed from a broad-band

noise to one with discreet pure tones.
First, ninety percent of the noise energy         These pure tones would be more objectionable
hits the barrier itself and is reduced by         than their Arlevel indicates.
30 dBA. Ninety percent is converted to
decibels using Table 5.6. From the table,               Figure 5.24 demonstrates another com-
ninety percent of 80 dBA is 80-0.5 = 79.5         plication due to holes. When a barrier is
dBA. In decibels, nearly all the energy         slotted vertically at regular intervals, the
hits the barrier itself. This 79.5 is re-        slots could behave as a diffraction grating.
duced by 30, yielding 49.5 dBA.                       The noise emanating from a sfngle source

passes through all the slots and can produce
Second, ten percent of the noise energy            sharp constructive interference bands on the
hits the hole, and is increased by 6 dBA.         receiver side of the barrier. The more slots
From the table, 10 percent of 80 dBA is 70        the more !ocalized would be these bands of
dBA. This is increased by 6, yielding 76         constructive interference. As the truck
dBA. Finally, the total energy is the dB-        moves along the highway, these bands would
sum of 49.5 dBA and 76 dBA, which is 76 dBA.. move with it, sweeping past the receiver.
The barrier has provided only 4 dBA reduction. The effect might be similar to an explosion

or cannon shot as the truck passes by.
One reason that the hole compromised the
harrier attenuation so drastically is due to     5.3.3 Absorptive Barriers
the logarithmic nature of noise. The bar-
rier itself essentially eliminates 90 per-        In Figure 5.1 above, the reflected energy is
cent of the noise energy, but this is only        shown to be important for receivers on the
a reduction of i0 dBA. Even more extreme,        opposite side of the roadway from a reflec-
if the barrier got rid of 99 percent of th~      rive barrier. In Example #6 above, the el-
noise energy, the reduction would be only         fect of this reflected noise was calculated
20 dBA.                                                     explicitly. If the barrier walls could be

made acoustically absorptive, then this r~- "
The second reason for the poor performance        flected component would be reduced. In some
of the barrier-with-hole is the 6 dBA in-         cases, this would provide significant bene-
crease in noise through the hole.       --           fit to the opposite receivers.

How.much is the reflected noise reduced?
I HOLK AMPLIF|CAT~ON ~                      This depends upon the absorption coefficient

o~ the barrier wall. For a full answer, the
absorption coefficient must be known as a
function of frequency. Then the traffic

TLs0L~’-6dBA spectrum (most importantly the truck spec-
trum) is reduced by the absorption at each

This increase is due to so-called "pressure-     frequency, to obtain the reflected spectrum.
doubling" at the barrier’s surface. More        After the A-level of this new spectrum is
energy passed through the hole than was           calculated, it is compared to the original
straight-incident on it. The phenomenon is      A-level to obtain a reduction in dBA. This
complex, but real. A very good absorptive        procedure is cumbersome, and can generally
treatment of the source side of the barrier      be simplified as described below.
can eliminate this 6 dBA amplification
through the hole. In the example, then, the    A single-number absorption coefficient is
net attenuation would be 10 dBA. The absorp- catalogued by the Acoustical and Insulating
tion must be broad-band, rather than confined Materials Association. This single-number
to discreet frequencies, such as provided by     coefficient is called the Noise Reduction
resonant absorbers.                                     Coefficient, NRC. It is an average of the

absorption coefficients in the frequency re-
Table 5.7 combines these phenomena to indi-      gion from approximately 200 to 3000 Hz.
cate the maximum Transmission Loss of a bar-
rier with a hole. As can be seen, very
small holes indeed can put low limits on the
TL of barriers.
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from the receiver, then this additional con-.
I N0~S[ REDUCTION COEFFiCiENt ] tribution is important; otherwise, n~t. A

planned DoT study should answer this impor-
tant question.

NRC-_ABS|~ +ABSloo~ + ABStoo~.NT+ABSe~O.~4 ’     " b) Drivers Within Vertical Depressions

How important is this reverberant build-up

Since these frequencies are most important to the driver in such a depressed section

in speech con~unication, and since the A- (with vertical retaining walls)? Again, the

level of traffic noise is controlled by the answer awaits further study. An u~per and
lower bound on the noise level can be esti-energy in this frequency region, we can use

this single number NRC. For any NRC, the mated hcwever.

reflected noise level is reduced by the
amount shown in Table 5.8. The mathematical Upper bound: The noise inside most existing

relation is tunnels is certainly an upper bound on the
noise in vertical depressions. In such tun-

1 nels, the lack of shoulders, the narrow lanet;
Reduction in level = i0 lOg[l _ NRC]

and the low ceilings all increase the rever-
berant build-up beyond anything that would

if a barrier wall is absorptive, then the be encountered in vertical depressions. The
reflected level should be reduced by the lack of a roof over depressed sections will
amount in the table. Nothing else is allow most of the energy to quickly escape
changed in the calculation, and not contribute to the reverberant field.

Noise in such tunnels is certainly an upper
It is necessary that barrier absorption be bound.
"broad band". In other words, the barrier
should absorb energy over a broad range of. Lower bound: When driving alongside a single
frequencies. Most absorptive surfaces do wall, the driver hears the reflection of his
have broad-band absorption, with correspond- own noise (mostly tire noise) from the wall.
ingly large NRC’s. Some structures however, If he is a shoulder-width from the wall, then
only absorb energy in narrow frequency bands, it sounds the same as another car travelling
Such structures include Helmholtz resonators with him some three lanes over (the shoulder,
and similar resonant-cavity structures, the reflected shoulder, and his reflected
Such structures leave most of the energy lane). This is a lower bound on the driver
unabsorbed, and have resultingly low NRC’s. noise in a vertical depression.
The bulk of the broad-band traffic noise will
not be absorbed,, and the A-level will be re-
duced very little.

I DRIVERS WITHIN VERTICAL DEPRESSION ]
a) Receivers Opposite the Barrier

NOISE LESS THAN IN TUNNEL
How important is this reflected noise for
receivers opposite the barrier? When the NOISE GREATER THAN DRIVING ALONG
direct noise is blocked by a barrier, then S~NGLE WALL
the unblocked, reflected noise can control.
In such cases, barrier absorption can sig- c) Increased Barrier Attenuation due to
nificantly benefit the receiver. When the Amsorption
direct noise is not blocked however, then
the reflected noise can add 3 dBA at most, When noise is diffracted over the top of a
s%nce at most it can double the energy at barrier, absorption along the top edge and
the observer. Usually it does not fully on the faces of the barrier can reduce the
double the energy, since the reflected noise diffracted noise level by severa! dBA, above
has further to trave! to the receiver, the amount predicted by the homograph. The
With no absorption, the resulting in- actual amount depends in a complicated way
crease is usually not significant; little upon the angle of approach relative to the
benefit wou]d be derived from making the barrier (and even the angle of retreat from
barrier absorptive, the back side of the barrier, if this side

is also absorptive) In practice, no more
For depressed roadways, with vertical retain- than 3 dBA can be obtained by such absorp-
~nq walls on each side, multiple reflections tion, even if the absorption coefficient is
,nay be important. Insufficient information unity. An additional 3 dBA can generally be
is known about this phenomenon to estimate obtained with a higher barrier at much less
the reverberant build-up and resultant spil- cost.
lage of noise out of the depression. It is
suspected that when both the direct noise
and the first-reflected noise are shielded
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5.3.4 N0n-ac0ustica] Considerations in ments. Averaged out, however, they provzde
Barrier Design no permanent noise reduction, except in the

most unusual circumstances.
It is beyond the scope of this text to dis-
cuss non-acoustical consideration in detail, b)    Grade Separation
The highway engineer is generally better ac-
quainted with the’non-acoustical constraints Traffic signals are eliminated by grade se-
than are the authors of this text. pa~ations, and therefore the more annoying

stop-and-go-traffic is eliminated. Whether
Obviously cost and esthetics are important, or not this produces a net benefit is anabi-
Costs Vary considerably from barrier to bar- guous, however.
rier, depending in general upon the height
required and the construction materials. Where most traffic is passing through with-
The cheapest barrier is generally the earth out turning, the benefit is generally signi-
berm, which at times can be built from sur- ficant; where a large percentage of the traf-
Plus fill at very low cost. ~ The esthetics fic is turning, there is generally little
of earth berms are also generally superior difference. Even though the stop-and-go
to other types of barriers. Landscaping can traffic at.the signal is eliminated, the
virtually hide berms from sight, or disguise turning traffic will still accelerate onto
them as natural hills. Even depressed sec- the freeway. This full-throttle accelera-
tions, with retaining walls, can be improved tion produces much noise. ’"
esthetically by breaking the interior wall
with a ledge and slight set-back. If the In addition, the on-ramps may be located clo-
retaining wall is continued upward above the ser to residential areas, because of the
terrain, by perhaps ten feet, the terrain can greater land area required for such inter-
be sloped upwards toward this wall to leave changes. Also, some ramps, or even the main
only a five-foot wall exposed to the neigh- line, may be elevated above the terrain,
bors. Many esthetic improvements have been thereby decreasing the shielding from the
suggested by both architects and engineers terrain. It is definitely a good design pc-
who have examined the feasibility~of noise licy to depress the main line at such grade
barriersL separations. In this way, the loudest traf-

fic is shielded.by the depression, and up-
Barriers on both sides of a freeway tend to hill grades are not required for the on-ramps.
decrease the air quality for the drivers.
Even single barriers can cause significant c)    Decks Over Depressed Roadways
snow drift. At times, barriers may interfer~
with necessary sight-lines for the driver, if Decks over depressed roadways obviously re-
care is not taken. And of course, free-stand- duce the noise adjacent to the highway, The
ing walls must be able to withstand large amount of actual reduction depends upon the .
wind loads. Transmission Loss of the deck itself. Zn

urban situations, it nearly always reduces
The problems are solvable barrier-by-barrier, t/he noise below the general ambient - in
with imagination and good engineering know- other words, it essentially eliminates the
ledge, noise for completely decked roadways.

5.4 NOISE CONTROL DESIGN OTHER THAN At times, vent openings are left in the
ROADSIDE BARRIERS deck. Such openings seriously compromise

the noise reduction of the deck. The amount
Beside the construction of roadside barriers, of compromise is always serious; but is very
other methods are available to reduce the difficult to compute. It depends upon the
noise impact adjacent to highways. Some of size of the vent opening, its relation to
these, such as the use of quieter pavement the various lanes of traffic underneath, and
materials, have been discussed above. Oth- the amount of acoustic absorption inside the
ers involve common-sense application of the decked area. Also, the noise will emanate
propagation laws for highway traffic noise, from the opening with different intensities
Others, such as atmospherics, provide no in different directions. Without absorption
permanent relief. For completeness, all in the tunnel, nearly all the noise energy
will be .listed here. Rather than, repeat in- will escape through the vent opening, no mat-
formation given above however, this section ter how narrow it is (for practical size
will be devoted to pitfalls that may be en- openings). Since the effective source is
countered when putting these methods into now narrowed to a thin vent opening, shield-
practice, ing of the receiver may be easier than from

the entire undecked roadway. Apart from this
however, little benefit is gained without ab-

a)    Atmospherics sorption. If the tunnel has absorption, then
the deck can provide significant benefit,

At any given time, atmospherics can signifi- even with vent openings.
cantly reduce the noise level, and thereby
confuse the results of single noise measure-
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The seriousness of noise emanating from the       f)    Use of Quieter Surfaces
portals of tunnels is generally overrated.
Figure 5.25 shows noise contours around a         Although the calculation procedure allows a
typical tunnel portal. Half of all the            5 dBA reduction for quiet roadway surfaces,
energy generated within the tunnel is assumed    this is generally not attainable. First,
to be emanating from the portal. Even so,        quiet means slippery; such surfaces are very
the resulting bulge in the noise contours is     rarely’used for new highways. Second, the
small. The noise generated by the traffic       benefit applies only to automobiles, and the
in direct view outside the tunnel predon~inates LI0 is often controlled by trucks.
over the portal noise. Furthermore, spheri-
cal spreading was assumed from the portal,        New surfaces will require detailed measure-
when in fact the noise is more likely to be      ments before they can be certified as "quiet-
aimed somewhat down the roadway, where it is     er". It is not necessarily true that a
even more effectively masked by the outside       quieter ride, judged from inside the automo-
traffic noise,                                            bile, means less noise outside.

Although most deck structures are very sub-       g)    Heavy Woods and Shrubbery
stantial, noise and vibration passing through
them must be considered if sensitive air-         The tabulated values for attenuation due to
rights uses are contemplated. The problems       heavy woods is given in Chapter 4. It is
are very complex, but amenable to an engineer- necessary to warn against a quick measure-
ing solution. Difficult trade-offs must be      ment of tree attenuation, sometimes attempted
made between cost and weight of the deck and     to justify larger attenuations than tabu-
the chance of success,                                  fated. Such measurements are subject to all

sorts of error, some actually tainting data
d)    Right-of-way A~uisition                         in the professional literature. The attenu-

ation is not linear with distance; some edge
Purchase of additional right-of-way can be        effects are signifibant; wind and therma!
effective in preventing future sensitive          gradients often produce additional attenua-
land use from developing airectly adjacent        tion, transient in nature; in a similar way,
to a highway. The additional land needed is     ground reflection can introduce serious
usually great. For example, if the equiva-      errors. The attenuation ascribed to heavy
lent distance from the highway to the right-     woods in the Transportation Systems Center
of-way fence is initially planned as 150          computer program is very optimistic. It
feet, then this must be increased to 300 feet    should not be used. For the same reason,
to gain 3 to 4 dBA reduction in noise at          the TSC attenuation ascribed to tall grass
the fence. Generally the increased dis-          and shrubbery should not be used.
tance alone will not provide enough reduc-
tion to justify the cost. However, if the        h)    Intervening Rows of Buildings
additional right-of-way is heavily wooded,
then the additional distance, plus the tree       Tabulated attenuation values were given in
attenuation, can be very effective. For ex-     Chapter 4. These should only be used when
ample, if the additiona! 150 feet is wooded,      the buildings actually block the !ines-of-
then some 5 to I0 dBA additiona! attenuation     sight from the roadway to the receiver. For
will be derived from the trees. This, added     tall apartment buildings looking over single-
to the distance attenuation, results in a          family structures, no attenuation is obtained.
total reduction of some 8 to 14 dBA, very         Similarly, for elevated highways, less than
significant. Such a combination of effects      the tabulated values are often observed.
is far better than allowing development up
to the 150-foot fence, with the resulting         i)    Ground Effect
loss of the trees.

One additional phenomenon must be discussed
e)    Change in Alignment                               at this time. When noise travels from

source to receiver above the ground, it tra-
Changing the alignment can produce very sig-     vels along two separate paths - one directly
nificant changes in the noise impact. The        to the receiver, and one reflected from the
benefit depends completely upon the relat±ve     ground. The situation is illustrated in
positions of the highway and the adjacent         Figure 5.26.
land uses for the two alignments. However,
a slight shift in highway position away from     Noise arriving by these two paths is coherent;
a sensitive land-use generally results in a      the two contributions may therefore inter-
negligible reduction, since the distances         fere with one another, as in the analogous
would have to be doubled to yield 3 - 4 dBA      optical situation. Whether they interfere
reduction. Sometimes the alignment can be        constructively or destructively depends up-
judiciously chosen to preserve shielding by      on (i) the path length difference of the
heavy woods or by the natural terrain. Some-    two rays and (2) upon what happens at the
times a shift of only i00 feet can preserve      reflection. For source and receiver Close
a small knoll that was effectively shielding     to the ground, and for large source-recei-
a row of residences, for example,                     ver distances, the path length difference
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is nearly zero for all audible frequencies.
~’or a mirror-type reflection, this would

I NON-HIGHWAY NOISE CONTROL 1cause the two rays to constructively in-
terfere (add) at the receiver for up to a
6 dBA increase in level. However, over
soft ground, there is a phase reversal up- ¯ ~UIETER VEHICLES
on reflection, for small grazing angles.
As a result, the two rays destructively in- ¯ LAND ZONING
terfere. The resulting reduction in the A-

¯ IMPROVED OUTDOOR-TO-INDOORlevel at the receiver is often severe. It
NOISE REDUCTIONis not uncommon to experience a i0 - 15 dBA

reduction in noise level for distant re-
ceivers. The phenomenon requires relatively 5.5.1 Noise C0nt~0] at the Source
flat terrain between the receiver and the
great bulk of the roadway. Moreover, the The Department of Transportation is current-
effect is less for trucks than for automo- ly funding three projects to design quieterbiles, and far less for receivers on the (slow-speed) trucks. The goal is to reducesecond and third floors than for ground- the emission level from the present average
floor receivers. Although no attempt will of 87 dBA down to 75 dBA (at 50 feet, fullbe made here to further explain the pheno- throttle). It is likely that such effortsmenon, its consequences will be pointed out: will succeed in the near future. This reduc-

tion will bring a very substantial reductionSome 10-15 dBA additional noise reduc- in urban truck noise, where the noise is do-tion can be obtained for ground-floor re- minated by engine and exhaust. At freewayceivers when the terrain is nearly flat and §pee~s, however, tire noise remains an un-the noise is dominated by automobiles, for solved problem and puts limits upon the a-receiver distances greater than several hun- chievable noise reduction.dred feet.
We have looked several years into the future¯ Very little reduction is afforded re- and estimated an intermediate, half-quietceivers at second and third-floor elevations, freeway truck. We have not assumed the ulti-In fact, this phenomenon accounts in part mate goal of 75 dBA trucks, nor have we justfor the observed increase in noise between considered the first step in enforcement -the first, and second/third floors (Figure the 90 dBA limit of California. We have es-5.27). timated a half-quiet truck population go-
verned by an 86 dBA truck limit. The quiet-Since the mathematics in the TSC compu- est trucks have not changed, but the noisierter program ignores this phenomenon, it is ones have been successfully controlled to 86more likely to correctly predict upper-floor dBA, at freeway speeds. We assumed that 10noise than ground-floor noise. The data up- percent of the trucks would violate the limit,on which NCHRP Report 117 is based were ob- in the same pattern as now exists in Califo~-tained at ground elevation, and presumably nia.have this effect incorporated, especially

since most of the data were taken in simpli- The noise emission levels for present-day Ca-
fled (flat) geometry conditions. " lifornia trucks are shown in Figure" 5.28.

The percentage of trucks above any given
[ G,OUN~ EFFECT J noise emission level can be read directly

from the graph. For example, i0% of the
trucks (read on the vertical axis) are aboveIGNOREDINTSC,---,-,,~ V~LIDFORUPPERFLOO~S 90 dBA (read on the horizontal axis). On

INCLUDEDIN~I? ~ VALIDATGROUNDELEVATION this type of graph paper, the vertical axis
is distorted so that a Gaussian distribution
will plot as a straight line. As can be seen

5.5 NOISE CONTROL NOT INTEGRAL WITH from the figure, the California truck noise
HIGHWAY DESIGN emission levels approximate a Gaussian distri-

bution.
The thrust of this chapter has been to give
the reader the skills to build noise control Two characteristics of these California da-
into highway design. Although not within ta have been used to approximate the half-
the highway engineer’s direct influence, quiet truck distribution: (i) 8t of the
noise control is possible on two other trucks in California are below 83 dBA; and
fronts: at the source of the noise, and (2) 10t of the trucks are above 90 dBA, the
at the receiver’s end. current California noise emission limit.

The half-quiet truck distribution shown in
this same figure was constructed to dupli-
cate the 8% below 83 dBA, and to duplicate
10t violators above an 86 dBA emission li-
mit. Figure 5.29 shows the same information
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drawn in histogram form. This makes the          involved are generally large, unl~ss heavy
Gaussian characteristic of the distributions     woods and/or industrial buildings provide
more apparent,                                             additional shielding.

How much benefit then can we expect from          o)    Improvement of Outdoor-to-Indoor
these half-quiet trucks? How much will they     Noise R~ductio~
reduce the L]n and LNm adjacent to freeways?

uch an analysas has ~ecently been made a-        For public buildings PPM 90-2 authorizes
long an east-coast interstate, for typical        money t~ be spent to improve the outdoor-to-
traffic conditions dominated by trucks,            indoor noise reduction of the structure. It
Close to the freeway, the L10 would drop by       is beyond the scope of this text to discuss
only 2.5 dBA, the LNp by 8 dBA. The benefit     the engineering principles and prr~cedures
is significant, but not sufficient to elimi-     use here. It is generally difficult and ex-
hate the impact,                                          pensive. The tabulated values for average

outdoor-to-indoor noise reductions are re-
In summary, freeway noise will be signifi-        peated from PPM 90-2 in Chapter I, Table
cantly reduced by quieter trucks, but not         This table provides some estimate of the
sufficiently reduced in the foreseeable fu-      increase in noise reduction possible from
ture to satisfy the needs of the adjacent         one situation to another.
communities.

Measurement of this indoor-to-outdoor noise
5.5.2 Noise C0nt~0] at the ~ecei~e~                reduction can be difficult. Simultaneous

tape recordings are generally required to
a)    Noise Zoning                                        allow correction for the source spectrum

used. Estimates can be made of the noise
Proper zon±ng along newly constructed free-       reduction from knowledge of the wall and
ways can greatly reduce future noise impact,     window areas and Transmission Losses, the
Highway officials have been asked by the          source spectrum, and the so-called indoor
FHWA to encourage such zoning. The distances    Room Constant.
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5-34

C--1 0851 6
C-108516



n,. I.=.I
n" I’-
’,~ I--

L/S

~~

,/~7              ~/ LI°

ANGLE
BARRIER               SUBTENDED

BARRIER POSITION
~ - L/S
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SECTION I
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FIGURE 5.8 BARRIER PARAMETERS FOR SIMPLE j-SECTIONI
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IJJ

O

FIGURE
ROADWAY, SECTION VIEW
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FIGURE 5.10 BARRIER PARAMETERS    FOR ELEVATED
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FIGURE    5.11 BARRIER PARAMETERS, PLAN VIEW
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I SECTIONS J

DEPRESSED ROADWAY

FIGURE 5.13 DEPENDENCE    OF    BARRIER    ATTENUATION    UPON
DISTANCE TO    ROADWAY
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FIGURE 5.14 RECEIVER    JUST    OUTSIDE    SHADOW    ZONE
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PROFILES I

CORRECT_~_                           .                        :

BARRIER
ROADWAY

INCORRECT

BARRIER
R OADWAY

~ - ~~~ TERRAIN

FIGURE    5.17 PRECISE    BARRIER    ELEVATION - RELATIVE
TO ROADWAY

SECTION J
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FIGURE 5.18 NOISE    CANNOT    PASS UNDER ELEVATED BARRIERS
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SECTIONS ] .

5 dBA REDUCTION

~EDUCTION

TZ~O dBA REr}UCTION

TSC Computer Attributes 5 dBA to All :5 Cases

FIGURE    5.19 ERRONEOUS BARRIER ATTENUATION FOR
VERY LOW BARRIERS
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FIGURE    5.2~ NOISE CONTOURS    AROUND A TYPICAL
TUNNEL PORTAL

DIRECT PATH
GROUND

REFLECTED PATH
bJ

o
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TABLE 5.2. DEFINITION OF BARRIER PARAMETERS

BETWEEN DECIBELS, ENERGY, AND LOUDNESS Parameter I DefinitionTABLE S.1. RELATION

Line-of-slght, L/S Straight line from the receiver to the source
Remove    % ~ of noise. For roadway sources, this L/S is

A-Level Down of Energ-~ I     Divide Loudness By drawn perpendicular to the roadway. At the
source end, the L/S must terminate at the

3 dBA 50% 1.2 proper source height: 0 ft for automobiles,
8 ft for trucks. At the receiver end, the

6 dBA 75% 1.5 L/S must terminate at ear height: 5, 15, 25,
¯ .. ft above the ground depending upon the

l0 dBA 90% 2 number of floors. See Figs. 5.4 through 5.6.

The L/S length is the slant-length of this
20 dBA 99% 4 L/S, not the horizontal distance only.

30 dBA 99.9% 8 Break in the L/S The perpendicular distance from the top of
the barrier to the L/S. If the L/S slants,

40 dBA 99.99% 16 then this break distance will slant also.
This is not the height of the barrier above
the terrain. See Figs. 5.4 through 5.6.

Barrier position    Distance from the perpendicular break point
in the L/S to the closer end of the L/S.
This is also a slant distance. See Figs
5.4 through 5.6.

Angle subtended Measured at the receiver in the horizontal
plane, the angle subtended by the ends of
the barrier. See Fig. 5.7.

For a barrier always parallel to the roadway,
an infinite barrier would subtend 180°. For
finite barriers, the angle may also be 180°

in the following cases: (1) If the barrier
ends bend away from the roadway, so that the
actual angle subtended is 180~ or more; (2)
If the observer cannot see the roadway past
the ends of the barrier, due perhaps to
terrain~ and (3) If the ba~’rler blocks the
noise from the full length of a finite or
semi-lnfinite roadway’.- segment.
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TABLE 5.4 (Co,~¢~.n=ed) TABLE 5.4

PARTIAL USE WHEN NOISE WITH HIGHER LNp I PARTIAL I USE WHEN NOISE WITH HIGHER LNp

When LNp’s Then Add This Amount When LNp’s Then Add This Amount

P, iffer by: to the Higher L. Np: Differ by: to the Higher LNp:

0 0 0 0 0 0 -i -I -i -I 0 0 0 0 0 0 -i 0 0 0

22 -4 -3 -2 -1 -1 0 0 0 0 22 -6 -5 -4 -2 -2 -I -I 0 0

24 -3 -2 -1 -1 0 0 0 0 0 24 -5 -4 -3 -2 -1 0 0 "0 0
26 -2 -1 -i 0 0 0 0 0 0 26 -4 -3 -2 -l -i 0 0 0 0

2~ -i -i -I 0 0 0 0 0 0 28 __t~-3 -2 -I -I 0 0 0 0

30 -i -I 0 0 0 0 0 0 0 30 -3 -2 -I -I 0 0 0 0 0

32 -i 0 0 0 0 0 0 0 0 32 -2 -I -i 0 0 0 0 0 0

34-42 0 0 0 0 0 0 0 0 0 34 -2 -i -1 0 0 0 0 0 0 .

4 6 8 lO 12 14" 16 18 = LNp - LI0I 36 -i -i 0 0 0 0 0 0 02
OF ~|OISE!    I 38 -i 0 0 0 0 0 0 0 0
WITH THE    I 40 0 0 0 0 0 0 0 0 0
LOWER L~}. I

42 0 0 0 0 0 0 0 0 0

2 t~ 6 8 i0 12 14 26 18 = LNp - LI0
OF NOISE

LOk’EB





TABLE 5.5      MINIMUM SURFACE WEIGHT FOR ROADSIDE DARRIERS                                                    TABLE 5.6      CONVERSION OF PERCENTAGE AREA TO DECIBELS

If Percent of Total I Then Subtract This Amount
Surface Area Is:I         From the Incident Level:

If Barrier is DesignedI        Thor. it Must Have                                       (%)                          (dBA)
To Reduce the Diffracted ~ This MinimumNoise By This Amount:}         Surface Wei’ght:                                         100                            0

(dBA)                (Ib/ft2)                                      90                      0.5

5                    3                                          Bo

lO                    3.5                                        63
3.5                                        50                      3
3.5                                            ao

16 4.0                                          25                       6

18 4.5                                      16                     8
20                  5.o                                    I0                   i0

6                  12

2.5
1.6I. Surface welzht doe:~ no~ include the weight of

bracing, framing, etc.                                                                          1                              20

2. The reduction in diffracted noise (column I)                                          0.6                          22
is found from the barrler homograph, uB~,~
180 deg~eee ae the angZe ~ub~end~d..                                                       0.~

3- This surface weight will guarantee that the                                           0.25                        26
transmitted noise is some 3-6 dBA lower ~han                                          0.16                        28
the diffracted noise. For equal contributions --
transmitted and diffracted - the surface weight                                       0.i                          30
may be halved.

~. For many materlal~, thi~ mlnlmum surface welght                   The resul~ is the fraction of energy (in decibels)
may be very conservative,                                              upon that portion of the total surface area.

5. Surface weight equal~ th~ weight den~l~y
(in Ib/ft3) ~imes the thickness (In ft).

.) , )



TABLE 5.7 MAXIMUM TRAIISMISSION LOSS OF BARRIERS WITI~ HOLES TABLE 5.8 REDUCTID;~ I;| REFLECTED NOISE LEVEL

I~OISE REDUCTION I REFLECTED E{|ERGY
REDUCED BY THIS

Percent of Barrier Maximum Transmission COEFFICIENT, NRC
J AMOUNTArea That is Open Loss Possible

on Source Side
¯ ~o Absorption 4ith Absorption 0.95 13 d~A

(dBA)            (dBA)
0.90 10 dBA

5o o 3
o. 85 8 dBA

5 7 l~l 0.80 ’7 dBA

1 1~ 20 0.75 6 dBh

0.5 17 23
0.70 5 dBA

0.1 24 30
0.65 4.5 dBA

¯ 0.60 ~ dBA

0.55 3.5 dBA

O. 50 3 dBA



IW~RKSHFVT 5 1 ~A~IFRS AND¯ dB-ADDITT~N FOR LI0

Use with Tally Sheet # o£ Engineer:

Proj~ect: Date:

Barrier Description:

NOISE S~URCF, NO ~ARRIER LI0 BARR. wrTH BARRIER

Trucks

Autos

Trucks

Autos

Trucks

Trucks

Autos

mrucks

Autos

Trucks

Autos

TOTAL
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IWORKSHEET 5.2 BARRIERS AND
dB-ADDITION FOR LI0 AND LNp

Use with Tally Sheet #__ of __ EnGineer:

Project: Date:

Barrier Description:

NOISE SOURCE NO BARRIER LNp BARR.     WITH BARRIER LI0 BARR.     NO BARRIER
LI0 LNp-LI0 LNp ATTEN. LNP T~p-LI0 LI0 ATTEN. LI0

Trucks

Autos

Trucks

Autos

Trucks

Autos

Trucks

Autos

Trucks

Autos

Trucks

Autos

TOTAL TOTAL

NET BARRIER ATTENUATION: dBA for LI0--

__ dBA for LNp
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